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Sphingolipids are ubiquitous membrane lipids in eukaryotic cells. Ceramides, the 
backbone of sphingolipids, are synthesized by ceramide synthases (CerSs), which form 
amide bonds between long-chain bases (LCBs) and the acyl groups of acyl-CoAs. Class I 
CerS (“LOH2”) works predominantly towards C16-CoA, whereas Class II CerS 
(“LOH1/3”) works towards C24-CoA. Plant sphingolipids generally have 16-carbon and 
24-carbon as the major acyl groups. However, the sphingolipids of Oryza sativa and Zea 
mays have 20-carbon and 24-carbon as the predominant acyl groups. This dissertation 
aims to understand the substrate preference of CerSs in monocots such as rice. 
Phylogenetic analysis shows the Class I CerSs from grasses form an evolutionarily 
distinct clade. The CerS I from the rice was expressed in Arabidopsis CerS I mutants, 
resulting in a GlcCer profile with C20 as the major acyl group. A 16-residue segment was 
found to determine the C20 acyl chain specificity of the rice CerS I. Plant LCBs generally 
have two double bonds (d18:2, Δ4, Δ8). However, Arabidopsis leaves have little d18:2. 
Overexpression of Δ4 desaturase led to an increasing amount of d18:2 but with a 
corresponding decrease of d18:1 (Δ8). Co-overexpression of both Δ4 desaturase and 
Class I CerS resulted in increased d18:2 without a reduction in d18:1 (Δ8). The co-
overexpression lines showed delayed bolting and yellowish leaves. Sphingolipidome 
analysis revealed the formation of excessive amounts of ceramides and GlcCers. The 
 
impaired phenotype was recovered by overexpressing the GlcCer synthase to channel the 
excessive ceramides into GlcCers. The core structure of plant GIPCs is composed of an 
inositol phosphoceramide (IPC) linked to a GlcA. The additional sugar headgroups of 
GIPCs have not been fully studied in Zea mays. Here, four different GIPC species were 
identified in Zea mays using mass spectrometry, and the signal intensity/mole factorials 
for each class were developed. Complex GIPC synthesis is closely related to phosphate 
and nitrogen metabolism. The content changes of GIPCs were determined from maize 
grown under nitrogen and phosphate deplete conditions.
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CHAPTER 1  
INTRODUCTION 
1.1 INTRODUCTION  
Sphingolipids were first named by J.L.W. Thudichum in 1884 for their many 
enigmatic properties [1]. Since then, isolation and structure determination of various 
sphingolipids have been performed by many investigators [2]. Sphingolipids have been 
viewed as essential structural components of eukaryotic cell membranes. Over the past 
several years, studies of sphingolipids as bioactive lipids have intensified, providing 
evidence for their crucial functions in the normal development of living organisms [3; 4]. 
Sphingolipids research in plants started in the late 1950s [5]. Since then, the focus of 
sphingolipid research had been limited to structural and compositional analyses as well as 
sphingolipid content changes under abiotic stresses before the late 1990s [6]. Recent 
studies indicate that sphingolipids are the major endomembrane lipids in plant cells and 
also have important signaling roles in plants [7-9]. An increasing understanding of the 
sphingolipid metabolism and its derived signaling molecules has been achieved with the 
use of liquid chromatography coupled to mass spectrometry that enables the 
measurement of all sphingolipids simultaneously [10]. The readily available Arabidopsis 
mutants coupled with advanced analytical methods have facilitated our understanding of 
the functional significance of sphingolipid structural complexity.  
Ceramides (Cers) form the backbone of sphingolipids and are considered to be the 
central intermediate of sphingolipid metabolism [4; 11; 12]. Ceramides are synthesized 
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by ceramide synthases, which catalyze the formation of amide bonds between long-chain 
bases (LCBs) and the acyl groups of acyl-CoAs [13]. There are six ceramide synthases 
found in mammals, with each generating ceramides of a different acyl chain length [13-
15]. In the model plant Arabidopsis thaliana, two types of ceramide synthases have been 
found to date. Type I ceramide synthase (LOH2, encoded by At3g19260) mainly 
incorporates C16 acyl-CoA to LCB (preferentially dihydroxy-LCB, d18:0).  Type II 
ceramide synthase (LOH1 and LOH3, encoded by At3g25540, At1g13580), works best on 
C24 or C26 acyl-CoA and trihydroxy-LCB (t18:0) [11; 16-18]. To date, no ceramide 
synthase in plants has been found to have an acyl chain specificity other than C16, C24, 
or C26. This dissertation describes the C20 acyl chain specificity of rice type I ceramide 
synthase and the efforts to determine the basis for the acyl chain specificity of plant 
ceramide synthases. 
1.2 SPHINGOLIPID STRUCTURE 
Sphingolipids are composed of hydrophobic ceramide backbones linked to polar 
hexoses or inositol phosphate groups, which form the two major glycosphingolipids 
found in plants: the neutral sphingolipid, glucosylceramide (GlcCer) and the charged 
sphingolipid, glycosyl inositol phosphoceramide (GIPC) [4; 19]. The ceramide backbone 
consists of a long chain amino alcohol referred to as the long-chain base (LCB) linked to 
a fatty acid through the formation of an amide bond [4; 13]. LCBs typically have chain 
lengths of 18 carbon atoms. The initial synthesized LCBs have two hydroxyl groups at 
the C-1 and C-3 carbons. These LCBs are referred to as dihydroxy LCBs [4; 19]. In 
plants, dihydroxy LCBs can be further oxidized by LCB C-4 hydroxylase, forming 
 3
trihydroxy LCBs [17]. The acyl groups typically range from C16 (long-chain fatty acid) 
to C24 or C26 (very-long-chain fatty acids, or VLCFAs) [1]. The LCBs on the ceramide 
products can be further modified by Δ4 or Δ8 desaturases, forming one or two double 
bonds on the LCBs (d18:1-, d18:2-, or t18:1-ceramides) [8; 9]. In the short-hand 
nomenclature, d18:1 means a dihydroxy LCB with 18 carbons and one double bond on 
the Δ8 position. d18:2 has double bonds on both the Δ4 and Δ8 positions. t18:1 means a 
trihydroxy LCB with one double bond on the Δ8 position. Whereas the double bond on 
the Δ4 position is only found to be in the trans configuration, the double bond on the Δ8 
position can be in either the trans or cis configurations. Most of the resulting ceramides 
are used for the synthesis of either of the two major glycosphingolipids found in plants: 
glucosylceramide (GlcCer) and glycosyl inositol phosphoceramide (GIPC) [10]. Only a 
tiny part of ceramides exists in free form due to the detrimental effects of ceramide 
accumulation in plant cells [11; 12]. A GlcCer is formed by a single glucose residue 
attached to the C-1 hydroxyl group of a ceramide. GIPC formation is initiated by an 
inositol phosphate group attached to the C-1 position of a ceramide and followed by up to 
seven additional hexose and pentose residues bound to the inositol group [20]. The 
various hydroxylation and unsaturation patterns of LCBs, the varied carbon chain-lengths 
of fatty acids, and the array of polar head groups contribute to hundreds of potentially 
different sphingolipid species in plants. The significance of this structural complexity is 




Figure 1.1 Examples of long-chain bases (LCB) and sphingolipids found in plants.  
(a) A hydroxyceramide is composed of a LCB (t18:1 Δ8 trans) linked to a C24 fatty acid that is 
hydroxylated at the C-2 position. (b) Three modification reactions contribute to the structural 
diversity of LCBs in plants. Shown are examples of dihydroxy and trihydroxy LCBs. The 
nomenclature “d18:2” indicates that the LCB has two hydroxyl groups, 18 carbon atoms, and two 
double bonds. “t18:1” indicates that the LCB has three hydroxyl groups, 18 carbon atoms, and 
one double bond. (c) The most abundant species of glycosyl inositolphosphoceramide (GIPC) 




































































1.3 SPHINGOLIPID BIOSYNTHESIS 
1.3.1 SYNTHESIS OF LONG-CHAIN BASES AND FATTY ACIDS 
Long-chain bases (LCBs) are the precursors of ceramides and sphingolipids in 
plant cells. The initial step of LCB synthesis comes from serine palmitoyltransferase 
(SPT), a complex of integral membrane proteins located in the endoplasmic reticulum 
(ER), which condenses a serine and a palmitoyl-CoA to form an 18-carbon intermediate 
3-ketosphinganine [22-24]. The 3-ketosphinganine is then reduced by 3-ketosphinganine 
reductase (KSR) to generate a sphinganine (d18:0), which is the simplest LCB found in 
plants [25]. The d18:0 LCB can be used directly to synthesize ceramides by ceramide 
synthases. In plants, however, a significant amount of d18:0 LCBs is hydroxylated by C-
4 hydroxylases to form phytosphingosines (t18:0) before ceramide synthesis [17]. The 
LCBs are likely to be desaturated in the form of ceramides [25].  
Serine palmitoyltransferase (SPT), generally believed to be the main regulator in 
sphingolipid biosynthesis, is a pyridoxal 5‐phosphate (PLP)-dependent α-
oxoaminotransferase that consists of two core subunits – LCB1 and LCB2 in Arabidopsis 
[22-24; 26]. In both mammals and plants, a third smaller subunit, termed the small 
subunit of SPT (ssSPT), has also been identified to interact with LCB1/LCB2 subunits 
and strongly stimulate SPT activity [27; 28]. In addition, an orosomucoid-like protein 
(ORM) has been recognized as a noncatalytic protein that negatively regulates SPT 




Figure 1.2 Abbreviated plant sphingolipid biosynthetic pathway.  
SPT, serine palmitoyltransferase; 3KR, 3-ketosphinganine reductase; LCB Δ4 OHase, LCB C-4 
hydroxylase; VLCFA-CoA, very-long-chain fatty acid-CoA; PI, phosphatidylinositol; IPC, 
inositol phosphorylceramide. Modified from figures of Kyle Luttgeharm and Ed Cahoon [12].  
The second step of LCB biosynthesis is the reduction of 3-ketosphinganines 
catalyzed by the 3-ketosphinganine reductase (KSR) to form sphinganines (d18:0). In 
Arabidopsis thaliana, two genes termed KSR1 (At3g06060) and KSR2 (At5g19200) 
encode the KSR [4]. Both of these two genes can restore the KSR activity to the yeast 
KSR mutants (tsc10Δ) in a heterologous expression system [33]. Although the two genes 
are redundant, it seems that KSR1 is the main contributor to the reductase activity [33]. 


































than KSR2 [34]. The combined activities of SPT and KSR produce the simplest long-
chain base sphinganines (d18:0) in plants and other eukaryotes. 
The resulting sphinganines from the combined activities of SPT and KSR can be 
further hydroxylated and desaturated. As stated above, d18:0 refers to the presence of two 
hydroxyl groups on C1 and C3. In Arabidopsis leaves, however, the majority of the total 
LCBs has three hydroxyl groups (t18:x) [35]. The third hydroxyl group is generally 
introduced to the C4 position of d18:0 in plants, forming trihydroxy LCBs (t18:0). This 
LCB C-4 hydroxylase is composed of two redundant genes, SBH1 (At1g69640) and 
SBH2 (At1g14290) (for SPHINGOID BASE HYDROXYLASE) [17]. Heterologous 
expression of these genes in yeast mutants restored the formation of C4 hydroxylated 
LCBs [17; 36]. T-DNA double mutants and RNA interference suppression lines of the 
SBH1 and SBH2 displayed decreasing amounts of trihydroxy LCBs in sphingolipids and 
reductions in growth [17]. This LCB hydroxylation process is likely to occur on a free 
dihydroxy LCB, because of the predominant existence of trihydroxy LCBs in the free 
LCB pool [10].  
The carbon chain length, the unsaturation, and the hydroxylation status of the 
amide-linked fatty acids also contribute to the complex structural diversity of 
sphingolipids. In plants, the carbon chain length typically ranges from 16 to 26 atoms 
[10]. C16 and C24 are the predominant acyl groups in Arabidopsis [10]. While C16 is 
linked to both dihydroxyl and trihydroxy LCBs, C24 is almost exclusively linked to 
trihydroxy LCBs [10]. In rice, however, C20 and C24 are the major sphingolipid acyl 
groups [37]. While C24 is linked to the trihydroxy group same as Arabidopsis, C20, not 
C16, is the major acyl group in the sphingolipids with dihydroxyl LCBs [37]. This is 
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probably due to the different substrate specificities of the ceramide synthases from 
Arabidopsis and rice. The C16 fatty acid of ceramides derives from the de novo fatty acid 
synthesis in plastids. Exported from stroma to cytoplasm, the synthesized aliphatic chains 
are then used by the ER for further chain length extension [38]. Fatty acids longer than 18 
carbons are formally defined as very-long-chain fatty acids or VLCFAs. VLCFAs are 
extended in a two-carbon sequential elongation way by an ER-localized protein complex 
of 4 enzymes. Each two-carbon elongation cycle results in a successive action of β-
ketoacyl-CoA synthase (KCS), β-ketoacyl-CoA reductase (KCR), β-hydroxyacyl-CoA 
dehydratase (HCD), and enoyl-CoA reductase (ECR) [39]. In Arabidopsis, KCS enzymes 
are encoded by ELO-like family genes and 21 FAE1-like KCS genes [4; 40]. FATTY 
ACID ELONGATION (FAE1) encodes a condensing enzyme which is essential in the 
C20 and C22 fatty acid elongation in seed triacylglycerol deposition [41]. CER6 is a 
condensing enzyme found to be involved in the elongation of fatty acids longer than C22 
in epidermal cells [42]. Two redundant KCS genes, KCS20 and KCS2/DAISY, are 
essential in the biosynthesis of cuticular wax and suberin in Arabidopsis [43]. Overall, 
KCS enzymes have different substrate specificities based on chain lengths (C20-C22 vs 
C22+) and the resulting VLCFAs can be specifically used for triacylglycerols, 
wax/suberin, and sphingolipid biosynthesis [44]. There is no evidence to date about the 
KCS enzyme essential for C20 acyl-CoA synthesis in rice.  
1.3.2 CERAMIDE SYNTHESIS 
Ceramides are synthesized by ceramide synthases, which catalyze the formation 
of amide bonds between LCBs and the acyl groups of acyl-CoAs [13]. There are two 
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types of ceramide synthases identified in Arabidopsis through homology with the yeast 
ceramide synthase encoded by LAG1 (LONGEVITY ASSURANCE GENE1) [11; 18]. 
Type I ceramide synthase (LOH2, encoded by At3g19260) mainly incorporates C16 acyl-
CoA to LCB (preferentially dihydroxy-LCB, d18:0).  Type II ceramide synthases (LOH1 
and LOH3, encoded by At3g25540, At1g13580), work best on C24 or C26 acyl-CoA and 
trihydroxy-LCB (t18:0) [11; 16-18]. 80% amino acid sequence identity is shared between 
Arabidopsis LOH1 and LOH3, while only about 60% identity is shared between 
Arabidopsis LOH1 and LOH2 [18; 45]. Sequence alignments between Arabidopsis 
isoforms and the S. cerevisiae LAG1 predict six transmembrane domains [18].  
Mammalian cells contain six ceramide synthases, with each generating ceramides 
of a different acyl chain length [15]. Tidhar et al. [46] showed that the acyl chain 
specificity of ceramide synthases (CerS5 and CerS2) in mammalian cells is determined 
by an 11-residue segment in a loop located between the last two putative transmembrane 
domains (TMDs). The chimeric protein with CerS5 as the backbone and the 11-residue 
segment swapped with the corresponding part in CerS2, lost CerS5’s ability to generate 
C16 ceramides but instead gained the ability of CerS2 to generate C22-C24 and other 
ceramides in vitro. However, the exact catalytic residues and mechanism of the ceramide 
synthases have yet to be determined. The basis for the acyl chain specificity of plant 
ceramide synthases has not been determined either.  
Ceramide synthases in Arabidopsis have distinct acyl-CoA substrate preferences. 
Yeast complementation studies showed that LOH2 prefers C16 acyl-CoAs [45]. 
Similarly, no sphingolipids with ceramide backbones containing C16 fatty acids and 
dihydroxy fatty acids were found in Arabidopsis loh2 mutants, whereas reduced amounts 
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of ceramides with VLCFAs and trihydroxy LCBs were found in partial knock-out 
mutants of loh1 and loh3 [18]. Overexpression of LOH1 and LOH3 ended up with 
enhanced synthesis of VLCFA/trihydroxy LCB ceramides, while LOH2 overexpression 
resulted in the accumulation of sphingolipids with C16 fatty acid/dihydroxy LCB 
ceramides [12]. In vitro ceramide synthase assays also suggested distinct substrate 
preferences, with LOH2 efficiently using dihydroxy LCBs/C16 acyl-CoAs and 
LOH1/LOH3 showing the greatest activity with trihydroxy LCBs/C24 acyl-CoAs [16].  
Because of the substrate specificity of LOH2, C16 is the main acyl group of 
dihydroxy-GlcCer (d18:x-GlcCer) in plants such as Arabidopsis [10], tomato, carrots, 
beets (confirmed in the present study).  However, the GlcCer profile of rice showed that 
C20 is the main acyl group of (dihydroxy)-GlcCer (d18:x-GlcCer) (Figure 1.3) [37], 
indicating a potential different substrate specificity of rice LOH2. The GlcCer profile of 
rice was confirmed in this study. Zea mays, a close relative to rice in the grass species, 
also has C20 as the main acyl group of dihydroxy-GlcCer (d18:x-GlcCer). This prompts 





Figure 1.3 FA composition of GlcCer prepared from rice leaves.  
Carbon 20 (red color) is the major acyl group in rice GlcCer. Nomenclature of FA species: hX:0, 
hydroxy FA (HFA) with carbon number X and no unsaturation. Data are means ± SD from four 
biological replicates. Data from [37]. 
1.3.3 LCB Δ4 AND Δ8 DESATURATION 
The LCBs on the ceramide products can be further modified by Δ4 or Δ8 
desaturases, forming one or two double bonds on the LCBs (d18:1-, d18:2-, or t18:1-
ceramides) [47; 48]. In Arabidopsis leaves, trihydroxy LCBs with Δ8 unsaturation are 
prevalent in both neutral and charged sphingolipids. In other plants such as tomato and 
soybean, trihydroxy LCBs with Δ8 unsaturation only make the majority of LCBs in the 
charged fraction of sphingolipids. Dihydroxy LCBs with both Δ4 and Δ8 unsaturation 
play the main role in neutral sphingolipids [10; 35]. Neutral sphingolipids, including 
monohexosylceramide and lesser amounts of ceramides, are soluble in chloroform and 





















































GIPCs, are not soluble in chloroform. It is reported that rice has dihydroxy LCBs with 
two double bonds as the major LCBs in its neutral sphingolipid fraction [37]. In 
Arabidopsis, At4g049300 was identified as the Δ4 desaturase by homology to analogous 
genes in filamentous fungi and mammals [49]. The expression pattern of At4g049300 is 
very restricted, only to be detected in pollen and floral tissues [50]. This may explain the 
lack of Δ4 unsaturated LCBs in Arabidopsis leaves. However, the detailed regulation 
mechanism behind the suppressed expression of Δ4 desaturase in Arabidopsis leaves is 
unknown. The initial LCB product d18:0 from the combined activities of SPT and KSR 
can be used by both C-4 hydroxylase and Δ4 desaturase. Both enzymes work at the Δ4 
position of d18:0, which makes these modifications mutually exclusive. In animal cells, 
free dihydroxy LCBs with Δ4 unsaturation are only generated through the catabolism of 
sphingolipids. Δ4 desaturase is known to work on the LCBs bound in ceramides [51]. 
However, the substrate of Δ4 desaturase in Arabidopsis remains to be defined [48]. The 
substrate of C-4 hydroxylase in Arabidopsis is presumed to be free LCB d18:0 [17]. The 
resulting t18:0 then undergoes the process of ceramide synthesis. The LCB C-4 
hydroxylase in Arabidopsis has two genes, SBH1 and SBH2, both of which are 
ubiquitously expressed in plants. Compared to SBH2, SBH1 is more highly expressed 
throughout the Arabidopsis plant [17]. The high activity of C-4 hydroxylase in 




Figure 1.4 Arabidopsis and tomato are strikingly different in ∆4-diunsaturated LCB content.  
(a) LCB profile of GlcCers of wild-type tomato leaves. (b) LCB profile of GlcCers of wild-type 
Arabidopsis leaves. Diunsaturated LCBs (blue color) are absent in the GlcCers fraction of 
Arabidopsis leaves but constitute the major LCB species in the GlcCers of tomato leaves. 
Modified from [35]. 
Δ8 unsaturation is the major desaturation of LCBs in plants. In Arabidopsis 
leaves, about 90% of sphingolipid LCBs have either a cis or trans Δ8 double bond [47]. 
Similarly, the majority of sphingolipid LCBs have a double bond at the Δ8 position in 
plants such as tomato, soybean, and rice [35; 37]. The distribution of LCB cis/trans 
isomers is highly variable. t18:1 with cis Δ8 double bond is the predominant LCB in 
Arabidopsis GlcCer, while t18:1 with trans Δ8 double bond is the main LCB of maize 
GlcCer [52]. Two sphingoid LCB Δ8 desaturases (SLD) were identified in Arabidopsis, 
encoded by AtSLD1 (At3g61580) and AtSLD2 (At2g46210) [47]. Although both 
desaturases are constitutively expressed, AtSLD1 plays a major role in desaturase 
activity. The Arabidopsis mutants of Δ8 desaturases displayed a 50% reduction in 


























































































































































































indicates that ceramide-bound LCBs are the primary substrates for LCB Δ8 desaturase 
[53].  
1.3.4 GLUCOSYLCERAMIDE AND INOSITOLPHOSPHOCERAMIDE SYNTHESIS 
Most ceramides are used for the synthesis of either of the two major 
glycosphingolipids found in plants: glucosylceramide (GlcCer) and glycosyl inositol 
phosphoceramide (GIPC) [19]. Only a tiny part of ceramides exists in free form due to 
the detrimental effects of ceramide accumulation in plant cells [10; 54]. LOH1-/LOH3-
derived trihydroxy and VLCFA ceramides are the prevalent backbones in GIPC, whereas 
LOH2-derived dihydroxy LCBs and C16 fatty acid ceramides are more enriched in 
GlcCer [10; 11; 17]. 
GlcCer is composed of a glucose head-group bound to the C-1 hydroxyl group of 
a ceramide backbone. GlcCer occurs broadly in eukaryotes except for Saccharomyces 
cerevisiae [55]. In Arabidopsis leaves, GlcCer accounts for approximately 30% of the 
total sphingolipids and may occur in similar amounts in leaf tissues of tomato, soybean, 
and rice [35; 37]. GlcCer is formed by the condensation of ceramides with UDP-glucose 
catalyzed by an ER-localized glycosyltransferase [56]. This GlcCer synthase (GCS) is 
encoded by At2g19980 in Arabidopsis [57]. Ceramides with dihydroxy LCBs and C16 
fatty acids appear to be exclusively in the form of GlcCer in Arabidopsis, whereas those 
with trihydroxy LCBs are found in the GIPC fraction [10]. It is presumed that ceramides 
with trihydroxy LCBs are selectively channeled into the GIPC synthesis pathway by 
some unknown mechanisms, while the remaining bioactive ceramides are scavenged by 
the GlcCer synthesis pathway and used to form chemically stable GlcCer. Interestingly, 
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in mammalian cells, increasing amounts of ceramides accumulate in response to stresses 
such as chemotherapy, driving cells to developmental arrest and apoptosis. GCS was 
shown to be overexpressed in many different drug-resistant cancer cells and in breast, 
colon, and leukemia tumors that are not sensitive to chemotherapy. Ceramide 
glycosylation catalyzed by GCS eliminates the excessive ceramides and thus protects 
cancel cells [58]. The Arabidopsis CERK mutants, called accelerated cell death 5, 
hyperaccumulated ceramides and showed spontaneous cell death with some apoptotic 
features late in development [54]. Unregulated sphingolipid biosynthesis by knocking out 
orosomucoid-like proteins (ORMs) caused a high accumulation of ceramides and 
increasing amounts of senescence- and pathogenesis-related gene expression [32]. There 
is no research study so far showing the applicability of removing the accumulated 
ceramides by overexpressing GlcCer synthase in plants. Additionally, null mutants for 
GCS were viable as seedlings with reduced sizes but failed to develop beyond the 
seedling stage. GCS RNAi suppression lines with less than 2% of wild type GlcCer levels 
were still viable and fertile. Taking these together, it is indicated that GlcCer is required 
in the normal development of plants but the amount of GlcCer is generally produced 
more than required [59]. Based on this composition, it appears that the hyperaccumulated 
ceramides in Arabidopsis CERK mutants and ORM mutants can be channeled into 
GlcCer synthesis to restore the overall plant cell development.  
Unlike GIPC, GlcCer contains ceramide backbones with dihydroxy LCBs, which 
are catalyzed by type I ceramide synthases (“LOH2” in Arabidopsis) [18]. Type I 
ceramide synthase LOH2 mainly incorporates C16 acyl-CoA to LCBs (preferentially 
dihydroxy LCBs, d18:0), while type II ceramide synthases (“LOH1/3”) cannot efficiently 
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use d18:0 [12; 16; 18]. Because of the substrate specificities of LOH2 and LOH1/3, C16 
is the main acyl group of dihydroxy-GlcCer (d18:x-GlcCer) in plants such as Arabidopsis 
[10], tomato, carrots, beets (confirmed in the present study). However, the GlcCer profile 
of rice showed that C20 is the main acyl group of dihydroxy-GlcCer (d18:x-GlcCer) [37], 
indicating a potential different substrate specificity of the “LOH2” in rice. There is little 
information to date about the substrate specificity of type I ceramide synthase in rice or 
any other grass species.  
GIPC species are the major class of sphingolipids in plants. GIPCs are estimated 
to make up more than half of the total lipid in the outer leaflet of the plasma membrane 
[60]. In Arabidopsis leaves, GIPCs account for about 64% of the total sphingolipids, 
suggesting their essential roles in plants [35]. GIPCs contain ceramide backbones with 
almost exclusively trihydroxy LCBs, which arise from type II ceramide synthases [10; 
35]. The initial step of GIPC synthesis is the addition of an inositol phosphate group to a 
ceramide through the action of IPC synthase (IPCS) [61]. Localized to the trans-Golgi 
network, IPC synthase transfers the phosphoryl inositol group from a 
phosphoglycerolipid phosphatidylinositol (PI) to the C-1 hydroxyl group of a 
phytoceramide, therefore generating the complex sphingolipid inositol 
phosphorylceramide (IPC) [61; 62]. Although triple mutants of the three Arabidopsis IPC 
synthase genes have not been reported, it is presumed that IPC biosynthesis is essential in 
plant normal development. The activity of IPC synthase is a negative regulator of 
programmed cell death in plants [61]. IPCS in Oryza sativa has also been shown to play a 
role in plant response to abiotic stresses such as drought, cold, and salinity [63]. 
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Following the synthesis of IPC, up to seven additional sugar residues can be 
added to the inositol phosphoryl head group through several glycosylation steps in the 
Golgi [20]. The first glycosyltransferase identified is INOSITOL 
PHOSPHORYLCERAMIDE GLUCURONOSYLTRANSFERASE1 (IPUT1), which 
transfers GlcA from UDP-GlcA to IPC, forming GlcA-IPC [64]. The homozygous lines 
of iput1 mutants were not able to be obtained, indicating the essential role of GlcA-IPCs 
in plants [64]. Glucuronic acid is generally the first sugar residue among all plants, the 
subsequent sugars, however, differ between tissues and species [65]. Mannose is the 
predominant second sugar in Arabidopsis vegetative tissues, whereas hexosamine (HexN) 
or N-acetyl hexosamine (HexNAc) is linked to GlcA in rice, maize, tobacco, the seeds 
and pollen of Arabidopsis [65]. GIPC MANNOSYLTRANSFERASE1 (GMT1), a 
member of the glycosyltransferase family GT64, transfers mannose from GDP-Man onto 
GlcA-IPC. The GDP-Man substrate used is specifically imported into the Golgi by a 
GOLGI-LOCALIZED NUCLEOTIDE SUGAR TRANSPORTER1 (GONST1) [66; 67]. 
Loss of the mannose headgroup in gmt1, gonst1, and pollen-rescued iput1 caused severe 
dwarfism and constitutive accumulation of salicylic acid, suggesting the important role of 
this head group in plant growth and development [66-68]. Recently another GT64 protein 
GLUCOSAMINE INOSITOLPHOSPHORYLCERAMIDE TRANSFERASE (GINT1) 
was identified to transfer N-acetylglucosamine (GlcNAc) rather than mannose onto 
GlcA-IPC, forming GlcN(Ac)-containing GIPCs, which are the dominant form of GIPCs 
in rice [69]. GlcNAc-GIPCs can be deacetylated, forming GlcN-GIPCs, the mechanism 
of which is unknown so far. Although the vegetative growth was not affected in 
Arabidopsis gint1 plants, loss of GINT1 in rice gint1 mutants resulted in seedling 
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lethality [69]. The addition of GlcNAc to GIPCs requires the translocation of the 
activated nucleotide sugar UDP-GlcNAc from the cytosol into the Golgi lumen. In 
Arabidopsis thaliana, this reaction is carried out by a Golgi-localized nucleotide sugar 
transporter UDP-GlcNAc transporter 1 (UGNT1) [70]. Arabidopsis UGNT1 loss-off-
function mutants displayed significant reductions (<10 % of WT levels) of GlcN(Ac)-
containing sphingolipids in seed extracts [70].  
 
Figure1.5 Representative structures and synthetic pathways of GIPC sugar headgroups in plants. 
Mannose is the predominant second sugar in Arabidopsis vegetative tissues, whereas hexosamine 
(HexN) or N-acetyl hexosamine (HexNAc) is linked to GlcA in rice, maize, tobacco, the seeds 
and pollen of Arabidopsis. PI, phosphatidylinositol; IPC synthase, inositolphosphorylceramide 
synthase (ceramide phosphoinositide transferase); GlcA, glucuronic acid; IPUT1, 
inositolphosphorylceramide glucuronosyl transferase; GMT1, GIPC mannosyl transferase; 
GINT1, glucosamine inositolphosphorylceramide transferase; GlcNAc, N-acetylglucosamine; P, 
phosphate group; Cer, ceramide. Modified from [69].  
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Recently, GIPC headgroups were recognized as receptors of a toxin from the 
plant pathogen Phytophthora infestans and as salt sensors to gate Ca2+ influx channels on 
the plasma membrane [71; 72]. Many plant pathogens produce necrosis and ethylene-
inducing peptide 1–like (NLP) proteins to facilitate infection of plants. NLPs from 
oomycetes are necrotizing cytolytic toxins (cytolysins) that infect only eudicot plants. 
GIPCs with the second sugar head group of glucosamine (GlcN) or N-acetylglucosamine 
(GlcNAc) bind to the NLPs. The NLPs can also bind free sugar head groups such as 
GlcN and its epimer mannosamine (ManN), but with lower affinities than those to bind 
intact GIPCs. The binding of NLPs to GIPC sugars resulted in conformational changes 
that potentially facilitate NLP insertion into the plasma membrane. Monocots such as 
coix lacryma-jobi and allium porrum, with the majority of GIPCs containing three sugar 
residues on the inositol phosphorylceramide (IPC) core, are resistant to NLPs, whereas 
dicots with two sugar head groups are sensitive to NLPs. It is presumed that the binding 
of NLPs to GIPC trisaccharide terminal sugars results in more distant positioning of NLP 
active sites to the plant membrane and thus preventing NLP insertion into the plasma 
membrane [72]. In another study, GIPCs were shown to bind Na+ using isothermal 
titration calorimetry. Compared to IPCs, GIPCs have more binding sites to Na+ due to the 
presence of extra negative charges on GlcA-. moca1, an Arabidopsis mutant that is 
defective in salt-dependent calcium influx, has a four amino acid deletion in IPUT1 and a 
significant reduction in GIPCs level. It is proposed that the binding of GIPCs to Na+ 
depolarizes cell surface potential and gates the Ca2+ channel [71]. The modifications of 
GIPC sugar headgroups also affect many other functions of plasma membrane proteins, 
including cellulose synthesis and signal transduction [67; 68]. Similar to Arabidopsis, 
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Medicago truncatula roots have mannose as the major second sugar head group and 
GlcN(Ac) as minor components. Interestingly, GINT1 GlcNAc transferase is highly 
upregulated in root nodules and roots infected with arbuscular mycorrhizal fungi. 
Suppression of GINT1 significantly inhibits the development of functional root nodules 
and arbuscules [60]. GlcNAc-containing GIPCs may play an essential role in plant-
microbe symbiosis. Taken together, these studies show that the synthesis of complex 
GIPCs affects plant normal growth and the tolerance to biotic and abiotic stresses. 
1.4 RATIONALE 
The following hypotheses are addressed in this dissertation: 1. Unlike LOH2 in 
Arabidopsis which prefers C16 acyl-CoA, the type I ceramide synthase “LOH2” from 
rice has a substrate specificity towards C20 acyl-CoA; 2. This substrate specificity 
difference is determined by a short amino acid segment located between the last two 
putative transmembrane domains (TMDs) of LOH2s; 3, Hyperaccumulation of ceramides 
with Δ4 unsaturated LCBs impairs the normal development of Arabidopsis plants. With 
the overexpression of GlcCer synthase, the accumulated ceramides can be channeled to 
GlcCer and the impaired phenotype can be restored; 4, Maize contains four major GIPCs 
with the same structures as rice. Complex GIPCs synthesis is affected by nitrogen and 
phosphate deprivation.  
The first hypothesis is based upon evidence that has emerged from sphingolipid 
compositional profiling of rice where C20 is the most abundant acyl group in dihydroxy 
GlcCer [37]. Since type I ceramide synthase is key to controlling the final dihydroxy 
GlcCer formed in Arabidopsis, the corresponding type I ceramide synthase from rice may 
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be responsible for the synthesis of C20 dihydroxy GlcCer. However, no data is available 
about this enzyme from rice. To address this question, a homolog of Arabidopsis LOH2 
was identified in rice. The coding DNA sequence was obtained from rice leaves and 
overexpressed in Arabidopsis loh2 mutants where dihydroxy GlcCer synthesis is 
impaired [12]. In the resulting transgenic lines, dihydroxy GlcCer with C20 and C18 acyl 
groups were produced in a significant amount comparable to the amount of C16 
dihydroxy GlcCer in the positive control of tomato LOH2 overexpression lines (Chapter 
2). The type I ceramide synthase from the rice was thus called rice LOH2. The fact that 
the acyl chain specificity of ceramide synthases in mammalian cells is determined by an 
11-residue segment [46] prompted us to ask if there is a key segment that determines the 
acyl chain specificity of plant type I ceramide synthases. Sequence alignment analysis 
indicated that the 11-residue segment of the ceramide synthases from mammalian cells 
aligned to a 16-residue segment of the plant type I ceramide synthases. Interestingly, this 
16-residue segment is also the most divergent part of type I ceramide synthases between 
grass species and dicots such as Arabidopsis, tomato, and carrots. Therefore, we started 
to test the possibility that this 16-residue segment decides the C20 acyl chain specificity 
of rice LOH2. A chimeric tomato LOH2 with its 16-residue segment replaced with the 
rice’s was made and overexpressed in Arabidopsis loh2 mutants (Chapter 2). The 
resulting transgenic lines with C20 as the main acyl chain of the dihydroxy GlcCer 
proved that the 16-residue segment does indeed decide the C20 acyl chain specificity. 
Furthermore, we identified a single amino acid in the 16-residue segment that might 
dictate the acyl chain specificity of tomato LOH2. With the readily available sphingolipid 
profiles of many monocot and dicot plants, we found that all the monocots tested have 
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either C20 or C18 as the main acyl chain of dihydroxy GlcCer, while all the dicots tested 
have C16 as the main acyl chain except Sesamum indicum. Sequence alignment of the 
type I ceramide synthases from Sesamum indicum and grass species revealed that three 
conserved amino acids in the 16-residue segment could contribute to the C20 specificity 
of type I ceramide synthases. Of the three conserved amino acids mentioned above, 
tomato LOH2 has the last two. We aimed to modify the first amino acid of tomato LOH2 
and overexpressed it in Arabidopsis loh2 mutants (Chapter 2). 
The GlcCer profile of Arabidopsis has little Δ4 unsaturated LCBs, whereas other 
plants, including tomato, soybean, and rice, contain mainly Δ4 unsaturated LCBs in the 
GlcCer fraction [35; 37]. Little is known about the significance of this divergence of LCB 
Δ4 unsaturation among plants. To answer this question, LCB Δ4 desaturase was 
overexpressed in wild-type Arabidopsis (Chapter 3). The amount of Δ4 unsaturated 
dihydroxy LCBs was increased while the total amount of dihydroxy LCBs maintained a 
similar level as wild type. Arabidopsis generally has more trihydroxy LCBs than 
dihydroxy LCBs. No obvious altered phenotype was observed in the overexpression 
lines. Based on the fact that plants with predominantly Δ4 unsaturated LCBs usually have 
more dihydroxy LCBs than trihydroxy LCBs, we overexpressed tomato LOH2 in the Δ4 
desaturase overexpression lines to increase the total amount of dihydroxy LCBs (Chapter 
3). In the LOH2 and Δ4 desaturase co-overexpression lines, a significantly increased 
amount of Δ4 unsaturated dihydroxy LCBs (d18:2(4E, 8Z)) was obtained, without 
compromising the amount of other dihydroxy LCBs (d18:1(8Z)). Ceramides composed of 
C16 acyl chain and dihydroxy/trihydroxy LCBs were significantly accumulated. A 
notably increasing amount of their glycosylated form GlcCer was also detected. The 
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transgenic lines displayed impaired plant development, including yellowish leaves and 
delayed bolting time. The impaired development may be caused by the hyperaccumulated 
ceramides since it has been reported that the accumulation of ceramides in Arabidopsis 
causes programmed cell death and impaired cell development [32; 54]. Since plants 
normally produce more GlcCers than required [59], we hypothesized that the impaired 
phenotypes in the LOH2 and Δ4 desaturase co-overexpression lines could be restored by 
overexpressing GlcCer synthase to remove the excessive ceramides. GlcCer synthase was 
thus overexpressed in the co-overexpression lines and the resulting transgenic lines grew 
normally with a similar number of ceramides as wild-type Arabidopsis (Chapter 3).  
Maize is one of the most important food crops in the world. Together with rice 
and wheat, maize provides at least 30% of the food calories to more than 4.5 billion 
people in 94 developing countries [73]. However, the GIPC head groups of maize have 
not yet been fully elucidated. It is presumed that maize contains four major GIPCs similar 
to rice: HexHexNAc-GIPCs, HexNAc-GIPCs, HexHexN-GIPCs, and HexN-GIPCs [37].  
Crop plant development is strongly dependent on the availability of nitrogen (N) 
and phosphate (P) in the soil. Little is known about the effects of nitrogen and phosphate 
deprivation on the synthesis of complex GIPCs. The general structure of GIPCs in all 
plants contains a phosphoryl inositol group. The phosphoryl inositol group used by IPCS 
to form IPC is from phosphatidylinositol (PI), one of the major phospholipid species [61; 
62]. It is reported that the phosphate-limiting condition causes a strong decrease in all 
phospholipids of the plant plasma membrane, accompanied by an increase in 
digalactosyldiacylglycerol (DGDG) [74; 75]. We hypothesized that IPC synthesis would 
be affected by the decreasing amount of PI under phosphate deficiency. Moreover, Other 
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plants such as rice and tobacco, contain glucosamine (GlcN) or N-acetylglucosamine 
GlcN(Ac) as the major second sugar head group of GIPCs [69]. The synthesis of 
GlcNAc-containing GIPCs requires the GlcNAc group from uridine diphosphate-N-
acetylglucosamine (UDP-GlcNAc) [70]. UDP-GlcNAc is synthesized de novo from 
fructose‐6‐phosphate (Fru‐6‐P) through four successive reactions: transamination, 
acetylation, isomerization, and uridylation. In both eukaryotic and prokaryotic cells, the 
first committed step is the conversion of fructose-6-P (Fru-6-P) into glucosamine-6-
phosphate (GlcN-6-P). This step is catalyzed by an enzyme known by the trivial name 
‘GlcN-6-P synthase’. This enzyme transfers ammonia from the L-glutamine amide group 
to Fru-6-P [76; 77]. It is hypothesized that lack of nitrogen would affect the synthesis of 
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STUDY OF THE DIVERGENT ACYL CHAIN SPECIFICITIES OF THE CLASS I 
CERAMIDE SYNTHASES IN PLANTS 
2.1 ABSTRACT 
Ceramide synthases catalyze the condensation of long-chain bases and fatty acyl-
CoAs to form the ceramide backbones of glycosphingolipids. The Class I and II ceramide 
synthases of plants have distinct substrate specificities that contribute to the divergent 
fatty acid chain-lengths and functions of plant sphingolipids. The Arabidopsis LOH2-
encoded Class I ceramide synthase has been shown to have strong specificity for 
palmitoyl (16:0)-CoA that gives rise to ceramides with C16 fatty acids that are prevalent 
in dicot glucosylceramides. By contrast, glucosylceramides of many monocots are 
enriched in C18 and C20-ceramides. We hypothesized that these differences are due to 
functional and structural differences in LOH2 ceramide synthases. Consistent with this, 
we found that the transgenic expression of a tomato LOH2 restored the C16 fatty acid in 
glucosylceramides in an Arabidopsis loh2 mutant, whereas expression of a rice LOH2 
resulted in C18- and C20-fatty acid-enriched glucosylceramides. To establish the 
structural basis for these different outcomes, we demonstrated that swapping a divergent 
16 amino acid domain from the rice LOH2 to tomato LOH2 yielded C18- and C20-fatty 
acid-glucosylceramides when expressed in the loh2 mutant. We also obtained 
comprehensive sphingolipid profiles from diverse dicots and monocots, we found that all 
monocots tested have C18- and C20-fatty acid-glucosylceramides, whereas most dicot 
plants have C16-fatty acid-glucosylceramides except Sesame indicum. Overall, our 
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findings highlight the biochemical and genetic basis for divergent ceramide structures in 
dicots and monocots.  
2.2 INTRODUCTION 
Ceramides (Cers) form the backbones of sphingolipids and are considered to be 
the central intermediate of sphingolipid metabolism [4; 11; 12]. Ceramides are 
synthesized by ceramide synthases, which catalyze the formation of amide bonds 
between long-chain bases (LCB) and the acyl group of acyl-CoAs [13]. The acyl groups 
typically range from C16 (long-chain fatty acid) to C24 or C26 (very-long-chain fatty 
acids, or VLCFAs) [4]. The acyl groups on the ceramides are usually α‐hydroxylated 
(h16:0) by sphingolipid fatty acid 2-hydroxylase (FAH) [78]. The simplest LCB, 
sphinganine (d18:0), is initially formed by the combining work of serine 
palmitoyltransferase (SPT) and 3-ketosphinganine reductase (KSR) [22; 23; 25]. The 
LCBs with two hydroxyl groups are referred to as dihydroxy LCBs. In plants, dihydroxy 
LCBs can be further oxidized by LCB C-4 hydroxylase, forming trihydroxy LCBs [17]. 
There are two classes of ceramide synthases found in Arabidopsis to date [11; 18]. Class I 
ceramide synthase (LOH2, encoded by At3g19260) mainly incorporates C16 acyl-CoA to 
LCBs (preferentially dihydroxy-LCB, d18:0).  Class II ceramide synthases (LOH1 and 
LOH3, encoded by At3g25540, At1g13580), work best on C24 or C26 acyl-CoAs and 
trihydroxy-LCBs (t18:0) [11; 16-18]. The LCBs on the ceramide products can be further 
modified by Δ4 or Δ8 desaturases, forming one or two double bonds on the LCBs 
(d18:1-, d18:2-, or t18:1-ceramides) [47; 48]. Most of the resulting ceramides are used for 
the synthesis of either of the two major glycosphingolipids found in plants: 
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glucosylceramide (GlcCer) and glycosyl inositol phosphoceramide (GIPC) [19]. Only a 
tiny part of ceramides exists in free form partly due to the detrimental effects of ceramide 
accumulation in plant cells [10; 54]. LOH1-/LOH3-derived trihydroxy and VLCFA 
ceramides are the prevalent backbones of GIPC, whereas LOH2-derived dihydroxy LCBs 
and C16 fatty acid ceramides are more enriched in GlcCer [10; 11; 17].  
Since LOH2, as in Arabidopsis, mainly incorporates C16 acyl-CoA to dihydroxy-
LCB d18:0, C16 is the major acyl group of dihydroxy-GlcCer (d18:x-GlcCer) in plants 
such as Arabidopsis [10], tomato, carrots, and beets (Figure 2.1&S2.1). However, the 
GlcCer profile of rice showed that C20 is the major acyl group of dihydroxy-GlcCer 
(d18:x-GlcCer) [37], indicating a potential different substrate specificity of rice LOH2.  
The GlcCer profile of rice was also confirmed in this study (Figure 2.1). Consistent with 
this, Zea mays, a close relative to rice in the grass species, also has C20 as the main acyl 
group of dihydroxy-GlcCer (d18:x-GlcCer) (Figure 2.1). This prompted us to speculate 
that the LOH2s in grass species have a substrate preference towards C20-CoA, whereas 
the LOH2s in dicots such as Arabidopsis and tomato work towards C16-CoA. A 
phylogenetic tree was built with all the ceramide synthases from plants. Two major 
groups formed in the phylogenetic tree. With the existing knowledge of Arabidopsis 
Class I and Class II ceramide synthases, we were able to define the Class I ceramide 
synthase group (LOH2). In the LOH2 group, grasses form a distinct clade within the 
monocot’s clade.  
Protein sequence alignments showed that the major divergent part of LOH2 
between grasses and dicots is a segment that has 16 amino acid residues close to the C 
terminal. Interestingly, another protein sequence alignment of plant LOH2s and 
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mammalian ceramide synthases indicated that this divergent 16-AA segment also aligned 
to an 11-residue segment previously shown to be the key in the acyl-CoA substrate 
specificity of mammalian ceramide synthases. Tidhar et al. [46] showed that the acyl 
chain specificity of ceramide synthases (CerS5 and CerS2) in mammalian cells is 
determined by an 11-residue segment in a loop located between the last two putative 
transmembrane domains (TMDs). The chimeric protein with CerS5 as the backbone and 
the 11-residue segment swapped with that from CerS2, lost CerS5’s ability to generate 
C16 ceramide but instead gained the ability of CerS2 to generate C22-C24 and other 
ceramides in vitro. This indicated that the 16-residue segment in plant LOH2s might 
decide the C20-CoA preference of rice LOH2 if it does have a C20-CoA preference.  
We hypothesized that Class I ceramide synthase in rice and even the Poaceae 
family works towards C20 acyl CoA instead of C16 acyl CoA, and the C20 specificity 
could be altered by modifying a 16-residue segment. To test this hypothesis, we 
overexpressed both tomato LOH2 and rice LOH2 in Arabidopsis loh2 mutant 
background. Compared to the positive control, the rice LOH2 overexpression transgenic 
lines had both C18 and C20 as the major acyl groups of GlcCer and other forms of 
sphingolipids. Furthermore, we replaced the 16-residue segment of the tomato LOH2 
with the corresponding segment from the rice LOH2. The overexpression of this chimeric 
protein conferred Arabidopsis loh2 mutant a significant amount of C18- and C20-fatty 
acid-enriched sphingolipids. Lastly, we obtained a comprehensive sphingolipid profile of 
many monocot and dicot plants. Most monocots tested have C20 as the major acyl group 
of GlcCer. Most dicots tested, except Sesame indicum, have C16 as the major acyl group 
of GlcCer. We concluded that the acyl-CoA substrate divergence (C16 vs C20) is a major 
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difference between monocot and dicot plants. However, the functional significance of 
this divergence is not clear. 
2.3 RESULTS 
2.3.1. GLCCER PROFILES OF RICE AND MAIZE INDICATE THE C20-COA 
SPECIFICITY OF GRASS “LOH2” 
LCMS/MS [10] was used to measure the GlcCer profiles of two grass species 
(rice and maize) and selected dicots (Arabidopsis, tomato, beets, and carrots) (Figure 2.1 
& S2.1). In dicots, the most abundant GlcCer was the α‐hydroxylated C16 acyl group 
(h16:0). There is a variety of LCB species linked to the C16 acyl group because of 
different expression levels of Δ4 desaturase and C4 hydroxylase in different plants. For 
example, in Arabidopsis, the gene expression level of Δ4 desaturase is very low, thus, its 
leaves have little d18:2(Δ4, Δ8) LCB bound to h16:0 [50]. A large amount of trihydroxy 
LCB bound to h16:0 in both Arabidopsis and carrots may be explained by their highly 
expressed C4 hydroxylases, channeling most of the dihydroxy LCBs to trihydroxy LCBs 
[17]. The GlcCer profiles of rice and maize, however, showed that the α‐hydroxylated 
C20 acyl group (h20:0) is the major acyl group of GlcCer. The majority of the LCBs 
bound to h20:0 are dihydroxy LCBs (Figure 2.1c & 2.1d). This indicates that the 
ceramide synthases in rice and maize may have an acyl-CoA substrate specificity 
different from the ceramide synthases in Arabidopsis. C20-CoA is probably the preferred 
substrate of ceramide synthases in rice and maize. In Arabidopsis, Class II ceramide 
synthases work exclusively on trihydroxy LCBs and very-long-chain-acyl-CoAs (longer 
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than C24), whereas Class I ceramide synthases (LOH2), work preferentially on 
dihydroxy LCBs and shorter chain acyl-CoAs [11; 16-18]. We speculated that it is the 
Class I ceramide synthases (LOH2) in rice and maize that incorporate C20-CoA.  
 
Figure 2.1 Glucosylceramide compositions of Arabidopsis, tomato, rice, and maize. 
While Arabidopsis and tomato have C16 as the major acyl group, both rice and maize have C20 
as the major acyl group of glucosylceramide (GlcCer). GlcCer concentrations are presented 
according to the composition of LCB (d18:0, d18:1, d18:2, t18:0, t18:1) and hydroxylated (h) for 
Arabidopsis (a), tomato (b), rice (c), and maize (d). Bars show the average values of three to six 
individual plants as replicates. Error bars represent the standard error of the mean. 
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2.3.2. PHYLOGENETIC TREE OF CERAMIDE SYNTHASES IN GREEN PLANTS 
Amino acid sequences were obtained for 1,024 polypeptides from NCBI by 
Blasting Arabidopsis LOH2 (NP_188557.1) against green plant non-redundant protein 
database [79]. CD-HIT was used to cluster the sequences and redundant sequences within 
each cluster were removed with the sequence identity cut-off value manually set as 98% 
[80]. The known ceramide synthases (Arabidopsis LOH1/3 and LOH2, tomato LOH2) 
were manually chosen as the representative sequences of their corresponding clusters to 
make the final tree more informative. MEGAX software was used to build a phylogenetic 
tree from the 592 representative sequences [81]. The known ceramide synthases were 
labeled on the tree to help identify the two classes of ceramide synthases. As expected, 
two groups of ceramide synthases (Class I and Class II) formed in the tree. The group of 
Class II ceramide synthases was further collapsed as a triangle for better visualization 
(Figure S2.2). In the Class I ceramide synthase group, monocots formed a distinct clade, 
within which grasses formed another distinct clade. This indicated that the whole Poaceae 





Figure 2.2 Phylogenetic tree of ceramide synthases in green plants. 
The ceramide synthases from grasses formed a distinct clade in the class I ceramide synthase 
group. Amino acid sequences of green plants were obtained for 1,024 polypeptides from NCBI. 
CD-HIT was used to cluster the sequences and remove redundant sequences [80]. Maximum 
Likelihood Tree was built with the resulting 592 representative sequences using the “JTT + G + I 
+ F” model, which showed to have the lowest BIC value. The phylogenetic tree was further 
unbiasedly pruned in R. The tips are labeled as genus plus species abbreviations. The known 
ceramide synthases were labeled in different colors and shapes. Class I ceramide synthases, 
monocots clade, and grasses clade were highlighted in different colors. 
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2.3.3 C18, C20-FATTY ACID-ENRICHED SPHINGOLIPIDS IN RICE LOH2 
OVEREXPRESSION LINES 
To test our hypothesis that the Class I ceramide synthases (LOH2) in rice and 
maize incorporate C20-CoA, we designed primers for the rice LOH2 gene 
(LOC_Os03g15750, ASC1-like protein 3) identified from the above phylogenetic tree. 
The coding DNA sequence of rice LOH2 was isolated from the cDNA of rice leaf and 
then overexpressed in Arabidopsis loh2 mutant background with ubiquitin promoter. 
Arabidopsis loh2 mutants have undetectable LOH2 mRNA expression level and therefore 
barely have long-chain-fatty acid-sphingolipids (< C20) [11; 18] (Figure 2.3a&2.4a). The 
coding DNA sequence of tomato LOH2 (LOC101267275, LAG1 longevity assurance 
homolog 2) was overexpressed with the same ubiquitin promoter in Arabidopsis loh2 
mutants as control. The sphingolipid profiles were obtained using LCMS/MS [10]. As 
expected, tomato LOH2 overexpression resulted in C16 as the major acyl group of 
GlcCer (Figure 2.3). The overexpression lines of rice LOH2, however, had C18 and C20 
as the major acyl groups of GlcCer (Figure 2.3). Two representative lines of the rice 
LOH2 overexpression were selected and the corresponding homozygous lines were 
generated. The comprehensive sphingolipid profiles of the homozygous lines showed that 
C18 and C20 are the most abundant acyl groups in not only GlcCer but also other forms 
of sphingolipids, including ceramides, hydroxy-ceramides, and 
glycosylinositolphosphoceramides (Figure S2.3-S2.6). These data strongly indicated that 




Figure 2.3 Comparisons of glucosylceramides (GlcCer) containing carbon 16, 18, 20-acyl 
groups. 
The total concentrations of hydroxylated-C16-glucosylceramides (H16-GlcCer) (a), 
hydroxylated-C18-glucosylceramides (H18-GlcCer) (b), and hydroxylated-C20-
glucosylceramides (H20-GlcCer) (c) in loh2 mutants, tomato LOH2 overexpression lines 
(SlLOH2OE), rice LOH2 overexpression lines (OsLOH2OE), and the overexpression lines of 
tomato LOH2 with the 16-AA segment replaced with rice LOH2’s (SlLOH2(16AA-OsLOH2)). Bars 
show the average values of four to six individual plants as replicates. The bar of OsLOH2OE has 
an average value of five independent lines. The bar of SlLOH2(16AA-OsLOH2) has an average value of 
seven independent lines. Error bars represent the standard errors of the means. Asterisks indicate 
significant differences based on one-way ANOVA followed by Tukey’s multiple comparisons 




Figure 2.4 Glucosylceramide compositions in rice LOH2 and mutated tomato LOH2 
overexpression transgenic lines. 
The overexpression of both rice LOH2 (OsLOH2OE) and mutated tomato LOH2 (SlLOH2(16AA-
OsLOH2)) resulted in C18/20 as the major acyl groups of GlcCer. Glucosylceramide (GlcCer) 
concentrations are presented according to the composition of LCB (d18:0, d18:1, d18:2, t18:0, 
t18:1) and hydroxylated (h) fatty acids for loh2 mutants (a), tomato LOH2 overexpression (b), a 
representative homozygous line of rice LOH2 overexpression (c), and a representative 
homozygous line of the 16-AA mutated tomato LOH2 overexpression (d). Bars represent the 
average values of six individual plants as replicates. Errors bars represent the standard errors of 
the means.  
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2.3.4 16-AA SEGMENT DECIDES THE C18/20 SPECIFICITY OF RICE LOH2 
Previous studies showed that an 11-residue segment dictates the acyl-CoA 
substrate specificity of ceramide synthases in mammalian cells [46]. Interestingly, this 
11-residue segment aligned to a 16-residue segment in plant ceramide synthases (Figure 
2.5). This 16-residue segment is also the most diversified part of the LOH2s between 
grass species and selected dicots (Figure 2.6). We hypothesized that this 16-residue 
segment decides the substrate difference between rice LOH2 and tomato LOH2. To test 
this hypothesis, we replaced the 16-residue segment of the tomato LOH2 with the 
corresponding part of the rice LOH2. The resulting chimeric protein was overexpressed 
in Arabidopsis loh2 mutant background. Seven independent transgenic lines had 
consistent GlcCer profiles similar to rice LOH2 OE lines, with significant amounts of 
C18 and C20 as the major acyl groups. Compared to the tomato LOH2 overexpression 
line, the 16-residue mutation of tomato LOH2 killed its original ability to make C16-fatty 
acid-GlcCer. The absolute amounts of C18 and C20 sphingolipids, however, are about 
half of the amounts of rice LOH2 OE lines. Still, this strongly showed that the 16-residue 




Figure 2.5 The 11-residue segment from the ceramide synthases of mammalian cells aligned to a 
16-amino acid segment in the class I ceramide synthases of plants. 
The protein sequences of plant ceramide synthases (Arabidopsis LOH2, rice LOH2) are aligned 
to that of mammalian ceramide synthases (CerS2 and CerS5). The boundaries of the 11-residue 
segment of the ceramide synthases in mammalian cells are highlighted with yellow color. The 
boundaries of the 16-residue segment of the ceramide synthases in plants are highlighted with red 
color. Multiple sequence alignments were done by CLUSTALW [82].  
   
The 11-residue Segment Is Aligned to 






Figure 2.6 Sequence alignments showed the 16-aa segment is divergent between grasses and 
dicot plants. 
Seven Class I ceramide synthases identified from the phylogenetic tree (Figure 2.2) were aligned 
together, including four grass species (sorghum, maize, wheat, rice), three dicots (carrots, tomato, 
Arabidopsis). The boundaries of the 16-residue segment were highlighted in red. While the 16-
residue segment is strongly conserved (bottom right) in the sequence alignment with only grass 
species, it is very divergent in the sequence alignment including the sequences of both the grass 
species and the three dicot plants (top right). 
  
6
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2.3.5 DIFFERENT ACYL-COA SUBSTRATE SPECIFICITIES OF CLASS I 
CERAMIDE SYNTHASES EXIST IN MONOCOTS AND DICOTS 
A comprehensive screen of the sphingolipid profiles from many monocot and 
dicot plants revealed that most monocots tested have C18/20 as the major acyl groups, 
while most dicot plants have C16 as the major acyl group (Supplemental Material). 
Asparagus, as a monocot, has both C18 and C20 as the major acyl groups of GlcCer. We 
concluded that the Class I ceramide synthases in monocots work on either C18 or C20 
acyl-CoAs, while that in dicots work on C16-CoA. Sesamum indicum is the only dicot 
plant that has C20 as the major acyl group for the GlcCer fraction (Figure 2.7). Sequence 
alignments revealed that three amino acids on the 16-residue segment of Sesamum 
indicum (sesame) are conserved with that of most grass species: the second amino acid 
Serine (S), the seventh amino acid Arginine (R), and the tenth amino acid Asp (D) or Glu 
(E) (Figure 2.8). It is speculated that the three amino acids, together or separately, may 




Figure 2.7 Glucosylceramide compositions of Sesame indicum. 
Glucosylceramide (GlcCer) concentrations are presented according to the composition of LCB 
(d18:0, d18:1, d18:2, t18:0, t18:1) and hydroxylated (h) fatty acids.  
2.4 DISCUSSION 
To summarize, our findings indicated that the major C20 acyl group in rice 
GlcCer profile is contributed by the Class I ceramide synthase in rice. We showed that 
this ceramide synthase from rice has a C18/20 acyl-CoA substrate specificity. The 
overexpression of rice LOH2 in Arabidopsis loh2 mutant resulted in sphingolipid profiles 
with C18/20 as the major acyl groups. Therefore, we consider rice LOH2 as a new type 
of class I ceramide synthase in plants. By learning from the ceramide synthase studies in 
mammalian cells, we also found that a 16-residue segment decides the C18/20-CoA 
substrate specificity of plant class I ceramide synthases. This was proved by 
overexpressing a chimeric protein that has the tomato LOH2 backbone with the 16-
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residue segment swapped with the rice one. Furthermore, with the sphingolipid profiles 
from many monocots and dicots, we found that all monocots tested have C18/20 as major 
acyl groups and most dicots tested have C16. The only exception found was Sesame 
indicum, which, as a dicot plant, has a C20 as the major acyl group. We concluded that 
the acyl-CoA specificity of Class I ceramide synthases is a major difference between 
monocot and dicot plants. 
We are not clear why rice LOH2 overexpression lines had not only C20- but also 
C18-fatty acid groups. From the sphingolipid profiles we obtained, all the monocots have 
C20 as the most abundant acyl group in GlcCer, except Asparagus officinalis 
(Asparagus). We speculated that rice and most other monocots other than Asparagus have 
a dedicated mechanism to channel C20-acyl CoA to ceramide synthase LOH2. However, 
further studies need to be done to answer this question.  
Although the replacement of the 16-residue of the tomato LOH2 crippled the 
original ceramide synthases to make C16-sphingolipids, we admitted that the mutated 
tomato LOH2 overexpression lines (SlLOH2(16AA-OsLOH2)) resulted in lower amounts of 
C18/20-fatty acid-enriched sphingolipids compared to the rice LOH2 overexpression 
lines. We speculate that extra components may exist in rice and other grasses that can 
interact with LOH2s and facilitate a high level of C20-sphingolipids to be produced.  
Among all the dicot plants tested, Sesame indicum is the only dicot that has C20 
as the major acyl group of GlcCer. Sequence alignments revealed that three amino acids 
on the 16-residue segment of Sesamum indicum are conserved with that of most grass 
species: the second amino acid Serine (S), the seventh amino acid Arginine (R), and the 
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tenth amino acid Asp (D) or Glu (E) (Figure 2.8b). Another sequence alignment showed 
that the major difference between Sesamum indicum and other dicot plants in the same 
clade of Asterid is the second amino acid (Figure 2.8a). Almost all Asterid plants in the 
figure have Leucine (L) as the second amino acid but Sesamum indicum, which instead 
has Serine (S) as the second amino acid. Not much difference was found for the seventh 
amino acid as most Asterid plants including Sesame have either Arginine (R) or Lysine 
(K). Remember that these two amino acids generally play a similar role in maintaining 
protein structures since both of them have positively charged basic side chains. Neither 
much difference was found for the tenth amino acid as all Asterid plants tested have 
Glutamic acid (E) as the tenth amino acid. The three amino acids aforementioned, 
together or separately, may confer the C20 acyl-CoA specificity of Sesame LOH2. 
However, further studies need to be done to elucidate the mechanism of the C20 acyl-




Figure 2.8 Sequence alignments of ceramide synthases from Sesame indicum and selected 
monocots and dicots. 
The sequence alignments of Sesame with other dicot plants in the same clade (Asterid) (a), 
indicated that the second amino acid (Serine, ‘S’) in the 16-aa segment might confer the C20 
substrate specificity of Sesame LOH2. The sequence alignments of Sesame with grasses (b) 
indicated that the second amino acid (Serine, ‘S’), the seventh amino acid (Arginine, ‘R’), and the 
tenth amino acid (Glutamic Acid, ‘E’, or Aspartic Acid, ‘D’) might work together to confer the 





The three-dimensional structure of the Class I ceramide synthase is currently 
unavailable. It is speculative to discuss how exactly altering the 16-aa segment affects 
acyl-CoA specificity. Similar to mammalian ceramide synthases, both tomato and rice 
LOH2s are predicted to have six transmembrane domains (TMDs). The 16-aa segment is 
located between the fifth and sixth TMDs according to the majority of the prediction 
programs, forming the last loop of ceramide synthases. Our findings do not agree with the 
speculation suggested by the Tidhar group of the relationship between the number of the 
residues in the loop and acyl-CoA specificities, since both rice and tomato LOH2 have 
the same number of residues in the loop.  
In summary, we have identified a new type of Class I ceramide synthase in plants 
that appeared to have a C18/20 acyl-CoA specificity. We also validated in plants that the 
last loop of ceramide synthases determines the acyl-CoA specificity. The precise 
mechanisms of how this loop interacts with the substrate acyl-CoAs and the active sites 





Figure 2.9 Residues in the loop between TMD 5 and TMD 6 in the LOH2s of tomato, sesame, and 
rice.  
The 16-aa segment is located in the last loop (red square) of the predicted structure of plant 
ceramide synthases (a). The residues of the loop from tomato, sesame, rice were shown above 
(b). The three amino acids identified from Figure 2.8 were highlighted. Black arrows indicated 
the start and end of the 16-aa segment in each loop.  
  
a
b tomato sesame rice
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2.5 EXPERIMENTAL PROCEDURES 
2.5.1 PLANT MATERIAL AND GROWTH CONDITIONS 
Arabidopsis (Columbia-0) seeds were stratified at 4°C for 2-3 days and then sown 
in a nutritionally rich soil medium in 8 x 8 x 6 cm (0.4 L) pots. Seedlings were grown in 
environmentally controlled growth rooms at 22°C, 50% humidity and 18h/6 h, light/dark 
cycles. 
2.5.2 VECTOR CONSTRUCTION AND PLANT TRANSFORMATION 
Binary vectors were generated. To make LOH2-OE, full-length cDNA LOH2s 
sequences were amplified from mature green tomato (Lycopersicon esculentum Mill. cv 
Rutgers) pericarp and rice (Oryza sativa L. cv. Nipponbare) leaves using the ‘Phusion’ 
DNA polymerase kit and cloned into the plasmid (AKK1517), which has a UBIQUITIN 
constitutive promoter. The resulting segments were further ligated to the transformation 
plasmid pBinGlyRed2, which harbors the kanamycin resistance gene. For the 
construction of the chimeric protein, SlLOH216-AA→OsLOH2 was subcloned from SlLOH2 
in a pBinGlyRed2 vector, using restriction-free cloning [83]. Primers are given in Table 
2.1. All sequences were confirmed before use. The binary vectors harboring each cDNA 
under the control of the UBIQUITIN promoter were introduced in Agrobacterium 
tumefaciens C58 by electroporation. Transgenic plants were created by the floral dip of 
Arabidopsis [84]. Seeds were screened with a green light-emitting diode and a Red2 
camera filter to identify transformed seeds based on DsRed fluorescence [85]. Seeds were 
planted in soil and maintained under 22°C and 50% humidity with an 18h/6h light/dark 
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cycle through three or more generations to obtain homozygous lines for phenotypic 
characterization. At least ten transgenic events were obtained for each overexpression. 
The sphingolipid profiles of the heterogeneous transgenic lines of each LOH2 
overexpression showed consistent results. Two or three representative transgenic lines 
were selected to obtain homozygous lines for further phenotypic characterization. 
Table 2.1 Primers used in Chapter 2 
Construct Primers 
SlLOH2 F: ATGGATCCATGGACTCGATTTGGGCGAACA 
R: AGACATGTTTAGTCGTCATCTTCTGAATCAG 
OsLOH2 F: ATGGCGATCCGGGGCCCGGAGGCGT 
R: TCACTCTTCATCCTCAGAATCTGAT 






F means forward; R means reverse 
2.5.3 LC-MS/MS 
The sphingolipid species were analyzed using a Shimadzu Prominence ultra-
performance liquid chromatography system and a 4000 QTRAP mass spectrometer (AB 
SCIEX). Chromatographic separation was on an XSelect CSH C18 column (3 mm x 100 
mm i.d., Waters) held at 40°C. A binary elution gradient consisting of THF/methanol/5 
mM ammonium formate (3:2:5, v/v/v) containing 0.1% formic acid as solvent A and 
THF/methanol/5 mM ammonium formate (7:2:1, v/v/v) containing 0.1% formic acid as 
solvent B was used according to Markham et al. [10]. Positive ionization MRM mode 
was used. Other MS conditions used were the same as those in the published report [10]. 
Separate LC-MS/MS runs were performed for each class or subclass, i.e., Cer, GlcCer, 
GIPC. Data analysis and quantification were performed using the software Analyst 1.5 
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and MultiQuant 2.1 as described by Markham and Jaworski (2007), Kimberlin et al. 
(2013), and Davis et al. (2020). 
2.5.4 STATISTICAL ANALYSES 
Statistical significance was assessed using a one-way ANOVA followed by 
Tukey’s multiple comparisons tests, with a p-value under 0.0002 (**), or 0.0001 (****) 




Figure S2.1 Glucosylceramide compositions of carrots and beets. 
Glucosylceramide (GlcCer) concentrations are presented according to the composition of LCB 
(d18:0, d18:1, d18:2, t18:0, t18:1) and hydroxylated (h) fatty acids for loh2 carrots (a), beets (b). 
Bars represent the average values of six individual plants as replicates. Errors bars represent the 
standard errors of the means.  
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Figure S2.2 Phylogenetic tree of class I ceramide synthases in plants. 
The group of class II ceramide synthases from Figure 2.2 was replaced with a blue triangle. 
Amino acid sequences of green plants were obtained for 1,024 polypeptides from NCBI. CD-HIT 
was used to cluster the sequences and remove redundant sequences [80]. Maximum Likelihood 
Tree was built with the resulting 592 representative sequences using the “JTT + G + I + F” 
model, which showed to have the lowest BIC value. The phylogenetic tree was further unbiasedly 
pruned in R. The tips are labeled as genus plus species abbreviations. The known ceramide 





Figure S2.3 Ceramide compositions in LOH2 overexpression transgenic lines. 
Ceramide (Cer) concentrations are presented according to the composition of LCB (d18:0, d18:1, 
d18:2, t18:0, t18:1) and fatty acids for loh2 mutants (a), tomato LOH2 overexpression (b), a 
representative homozygous line of rice LOH2 overexpression (c), and a representative 
homozygous line of the 16-AA mutated tomato LOH2 overexpression (d). Bars represent the 
average values of six individual plants as replicates. Errors bars represent the standard errors of 





Figure S2.4 Hydroxyceramide compositions in LOH2 overexpression transgenic lines. 
Hydroxyceramide (hCer) concentrations are presented according to the composition of LCB 
(d18:0, d18:1, d18:2, t18:0, t18:1) and hydroxylated (h) fatty acids for loh2 mutants (a), tomato 
LOH2 overexpression (b), a representative homozygous line of rice LOH2 overexpression (c), 
and a representative homozygous line of the 16-AA mutated tomato LOH2 overexpression (d). 
Bars represent the average values of six individual plants as replicates. Errors bars represent the 





Figure S2.5 Glycosylinositolphosphoceramide compositions in LOH2 overexpression transgenic 
lines. 
Glycosylinositolphosphoceramide (GIPC) concentrations are presented according to the 
composition of LCB (d18:0, d18:1, t18:0, t18:1) and hydroxylated (h) fatty acids for loh2 mutants 
(a), tomato LOH2 overexpression (b), a representative homozygous line of rice LOH2 
overexpression (c), and a representative homozygous line of the 16-AA mutated tomato LOH2 
overexpression (d). Bars represent the average values of six individual plants as replicates. Errors 




Figure S2.6 Composition of Glycosylinositolphosphoceramides containing Non-Hydroxylated 
Fatty Acids in LOH2 Overexpression Transgenic lines. 
Glycosylinositolphosphoceramide (GIPC) concentrations are presented according to the 
composition of LCB (d18:0, d18:1, t18:0, t18:1) and non-hydroxylated (c) fatty acids for loh2 
mutants (a), tomato LOH2 overexpression (b), a representative homozygous line of rice LOH2 
overexpression (c), and a representative homozygous line of the 16-AA mutated tomato LOH2 
overexpression (d). Bars represent the average values of six individual plants as replicates. Errors 
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THE FUNCTIONAL SIGNIFICANCE OF SPHINGOLIPID LONG-CHAIN BASE Δ4 
UNSATURATION IN PLANTS 
3.1 ABSTRACT 
Sphingolipids are not only important structural lipids in plant membranes but also 
key metabolites in plant cells. Ceramides, as the backbones of sphingolipids, consist of 
long-chain bases (LCBs) bound to fatty acids through amide bonds. Two double bonds 
can be introduced at the fourth and eighth positions from the carboxyl end of the LCBs 
by Δ8 and Δ4 desaturases, forming d18:1(Δ8) with a single double bond or d18(Δ4, Δ8) 
with two double bonds. A distinguished difference between plants is the Δ4 unsaturation 
level of LCBs. For example, Arabidopsis has little Δ4 unsaturated LCBs (only 
d18:1(Δ8)) in its leaves, while plants, such as tomato and soybean, are enriched with Δ4 
unsaturated LCBs (d18:2(Δ4, Δ8)). The functional significance of this divergence is 
unknown. Here we attempted to determine the mechanisms behind this divergence. We 
overexpressed the tomato Δ4 desaturase in wild-type Arabidopsis. The transgenic lines 
had significantly increasing levels of Δ4 unsaturated LCBs compared to wild-type 
Arabidopsis. The increasing amount of Δ4 unsaturated LCBs (d18:2(Δ4, Δ8)) was 
accompanied by a similar decreasing amount of Δ8 unsaturated LCBs (d18:1(Δ8)). The 
total amount of dihydroxy LCBs (d18:x) in the transgenic lines remained at a relatively 
low level similar to wild-type Arabidopsis. No obvious changing phenotypes were 
observed in the transgenic lines. Class I ceramide synthase (LOH2), which works 
preferentially on dihydroxyl LCBs, has been previously shown to increase the overall 
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amount of dihydroxy LCBs in Arabidopsis. To further enrich Δ4 unsaturated LCBs 
(d18:2(Δ4, Δ8)) in Arabidopsis, tomato LOH2 was co-overexpressed with Δ4 desaturase 
in wild-type Arabidopsis. Δ4 unsaturated LCBs (d18:2(Δ4, Δ8) became the most 
abundant LCB species in the co-overexpression lines. Yellowish leaves and delayed 
bolting were observed in the Δ4 Des/LOH2 OE lines. Transmission electron microscopy 
(TEM) results revealed condensed chromatin and aged chloroplasts in the early stage of 
the transgenic plant cells. On the contrary, the transgenic lines with only tomato LOH2 
overexpressed showed no signs of the impaired phenotypes aforementioned. Further 
LCMS/MS results showed that Δ4 unsaturated LCBs accumulated in the forms of both 
ceramide and glucosylceramide in the Δ4 Des/LOH2 OE lines. It was hypothesized that 
the early senescence of the transgenic lines was caused by the excessive amount of d18:2 
ceramides. To test this hypothesis, glucosylceramide synthase was overexpressed in the 
Δ4 Des/LOH2 OE lines to remove the accumulated ceramides. As a result, the impaired 
phenotypes were recovered. All in all, we showed that the accumulation of d18:2 
ceramides caused early senescence in Arabidopsis cells and the overexpression of 
glucosylceramide synthases effectively removed the accumulated ceramides and recover 
the phenotypes.  
3.2 INTRODUCTION 
The simplest long-chain base (LCB) found in plants, sphinganine (d18:0), is 
initially synthesized by the protein complex of serine palmitoyltransferase (SPT) and 3-
ketosphinganine reductase (KSR) [22-25]. It is referred to as dihydroxy LCB because it 
contains two hydroxy groups. The d18:0 LCB can be used either to synthesize ceramides 
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directly by ceramide synthases or to be modified at the fourth carbon position from the 
carboxyl group by C-4 hydroxylases, forming trihydroxy LCB (t18:0), which then is 
subjected for ceramide synthesis [17]. Both the dihydroxy- and trihydroxy-LCBs on the 
ceramide products are generally further modified by Δ8 desaturases, forming a double 
bond at the eighth position on the LCBs [8; 9]. An extra double bond can be added to the 
resulting dihydroxy LCB at the fourth position from the carboxyl end by Δ4 desaturase. 
There are in total five common long-chain bases (LCBs) found in plant sphingolipids to 
date: the dihydroxyl LCB without any double bonds (d18:0); the dihydroxyl LCB with a 
single double bond at the eighth position from the carboxyl group of the LCB 
(d18:1(Δ8)); the dihydroxyl LCB with two double bonds at the fourth and eighth 
positions from the carboxyl group of the LCB (d18:2(Δ4, Δ8)); the trihydroxyl LCB 
without any double bonds (t18:0); the trihydroxyl LCB with a single double bond at the 
eighth position from the carboxyl group of the LCB (t18:1(Δ8)) (Figure 1.1). Among 
these LCBs, Δ4 unsaturated LCB (d18:2) is almost exclusively found in 
glucosylceramides (GlcCer), indicating a distinct substrate preference in GlcCer synthesis 
[17]. The majority of the sphingolipid LCBs in plants contain a cis or transΔ8 double 
bond [47]. Δ4 unsaturation, however, varies between plant species. In tomato and 
soybean, the Δ4 unsaturated LCBs (d18:2(Δ4, Δ8)) are the major LCB species. In 
contrast, Arabidopsis leaves have little Δ4 unsaturated LCBs (only d18:1(Δ8)) [35]. This 
could be explained by the low expression level of Δ4 desaturase in Arabidopsis leaves 
[50]. However, the functional significance behind this divergence is currently unknown.  
In this Chapter, we aimed to determine the functional significance of Δ4 
unsaturation in plants by first manipulating the expression levels of Δ4 desaturases in two 
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plant species: Arabidopsis and tomato plants. We overexpressed the tomato Δ4 
desaturase in wild-type Arabidopsis to enrich Δ4 unsaturated LCBs. In the meantime, we 
lowered the expression level of Δ4 desaturase in tomatoes, with the RNAi method. The 
corresponding increasing and decreasing amounts of Δ4 unsaturated LCBs were both 
observed in the transgenic lines. However, no obvious altered phenotypes were observed 
in the transgenic lines compared to their backgrounds. Further studies indicated that the 
total amount of dihydroxy LCBs in the Arabidopsis Δ4 Des overexpression lines 
remained the same as that in the wild-type background. The same scenario applied to the 
tomato RNAi suppression lines, with a decreasing amount of d18:2 compensated by an 
equivalent increasing amount of d18:1. It is concluded that the Δ4 desaturases simply 
adds an extra double bond on the existing Δ8 unsaturated dihydroxy LCB, forming 
d18:2(Δ4, Δ8) from d18:1(Δ8). The overall amount of dihydroxy LCBs is not affected by 
the expression level of Δ4 desaturase.  
The resulting unchanged phenotype may be due to the relatively low amounts of 
dihydroxy LCBs in the Δ4 Des overexpression lines. Δ4 unsaturated LCB almost 
exclusively exists in the form of dihydroxy LCBs, since the fourth carbon can have only 
one of the two mutually exclusive modifications: a double bond or a hydroxyl group. The 
GlcCer fractions of tomato and soybean are enriched with dihydroxy LCBs, while the 
GlcCer fraction of Arabidopsis primarily contains trihydroxyl LCBs [35]. The 
predominant existence of Δ4 unsaturated dihydroxy LCBs in the GlcCer fractions of 
tomato and soybean may be caused not only by the high expression level of their Δ4 
desaturases but also by their large amounts of ceramide substrates containing dihydroxy 
LCBs. Thus, the production of Δ4 unsaturated LCBs in the Δ4 Des overexpression lines 
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could be limited by the relatively small amount of dihydroxy LCBs available in wild-type 
Arabidopsis, which further justifies the unchanged phenotypes in the Δ4 Des OE lines.  
The abundant dihydroxy LCBs in the GlcCer fractions of tomato and soybean are 
consequences of high expression levels or high efficiencies of their Class I ceramide 
synthases. In Arabidopsis thaliana, only Class I ceramide synthase (LOH2, encoded by 
At3g19260) can work on dihydroxy LCBs, forming C16-fatty acid-bound ceramides. 
Class II ceramide synthase (LOH1 and LOH3, encoded by At3g25540, At1g13580), in 
contrast, exclusively works on trihydroxy LCBs [11; 16-18]. Indeed, the total amount of 
dihydroxy LCBs was significantly increased by overexpressing LOH2-encoded ceramide 
synthase in Arabidopsis [12]. We expected that an increasing amount of dihydroxy LCBs 
would boost the production of Δ4 unsaturated LCBs. Therefore, to further enrich Δ4 
unsaturated LCBs in Arabidopsis, tomato LOH2 was co-overexpressed with tomato Δ4 
desaturase in wild-type Arabidopsis. Tomato LOH2 was also overexpressed in wild-type 
Arabidopsis as control. 
The overexpression of LOH2 will inevitably lead to the accumulation of 
ceramides, which possibly enhances salicylic acid production and induces hypersensitive 
response-type PCD related genes [12]. The Arabidopsis CERK mutants, called 
accelerated cell death 5, hyperaccumulated ceramides and showed spontaneous cell 
death with some apoptotic features late in development [54]. Unregulated sphingolipid 
biosynthesis by knocking out orosomucoid-like proteins (ORMs) caused a high 
accumulation of ceramides and increasing amounts of senescence- and pathogenesis-
related gene expression [32]. However, the accumulated ceramides in these lines were 
limited to ceramides without Δ4 unsaturated LCBs. No Δ4 unsaturated ceramides were 
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found in the accumulated ceramides of the transgenic lines aforementioned, again, 
because of the limited expression level of Δ4 desaturase in Arabidopsis. The function of 
accumulated Δ4 unsaturated ceramides is thus unknown in Arabidopsis. With the co-
overexpression of LOH2 and Δ4 desaturase, a large amount of Δ4 unsaturated ceramides 
would be accumulated, which could provide new insights into the function of Δ4 
unsaturated ceramides in plants. This is interesting because not only plants such as 
tomato and soybean but also mammalian cells, have predominantly Δ4 unsaturated LCBs 
[35; 86]. The accumulation of Δ4 unsaturated ceramides could lead to programmed cell 
death [58; 87]. 
GlcCer synthase (GCS), an ER-localized glycosyltransferase, catalyzes the 
condensation of ceramides with UDP-glucose, forming GlcCer [56]. In mammalian cells, 
increasing amounts of ceramides accumulate in response to stresses such as 
chemotherapy, driving cells to developmental arrest and apoptosis. GCS was shown to be 
overexpressed in many different drug-resistant cancer cells and in breast, colon, and 
leukemia tumors that are not sensitive to chemotherapy. Ceramide glycosylation 
catalyzed by GCS eliminates the excessive ceramides and thus protects cancel cells [58]. 
However, there is no research to date showing the applicability of removing accumulated 
ceramides by overexpressing GCS in plants. In Arabidopsis, null mutants for GCS were 
viable as seedlings with reduced sizes but failed to develop beyond the seedling stage. 
GCS RNAi suppression lines with less than 2% of wild-type GlcCer levels were still 
viable and fertile. It is believed that GlcCer is required in the normal development of 
plants but the amount of GlcCer is generally produced more than required [59]. Based on 
this composition, it appears that the hyperaccumulated ceramides in Arabidopsis LOH2 
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overexpression lines, CERK mutants, ORM mutants, and even the Δ4 Des/LOH2 
overexpression lines in the current study, can be channeled into GlcCer synthesis to 
restore the overall plant cell development. 
3.3 RESULTS 
3.3.1 THE OVERALL AMOUNT OF DIHYDROXY LCBS IS NOT AFFECTED BY 
THE EXPRESSION LEVEL OF Δ4 DESATURASE 
Since wild-type Arabidopsis has a low expression level of Δ4 desaturase, an 
increasing amount of Δ4 desaturase may provide insights into the function of Δ4 
unsaturated LCBs. Tomato Δ4 desaturase was overexpressed in wild-type Arabidopsis 
with 35S promoter. Two representative homozygous lines were obtained. No obvious 
physiological difference was observed in the overexpression lines compared to wild-type 
plants (Figure 3.1a). LCB profiles from the neutral fractions (mainly GlcCer) of wild-
type Arabidopsis and overexpression lines indicated that the total amount of dihydroxy 
LCBs was not changed (Figure 3.1b). It is also observed that the total amount of 
dihydroxy LCBs was much smaller than that of trihydroxy LCBs in the GlcCer fraction 
of sphingolipids.  
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Figure 3.1 The long-chain base (LCB) profiles of Arabidopsis Δ4 desaturase overexpression 
lines. 
No obvious altered phenotypes were observed between wild-type Arabidopsis and Δ4 desaturase 
overexpression lines (a). A comparison of the LCB profiles (b) from the neutral fractions (mainly 
GlcCer) of wild-type (WT_Glu, blue color) and Δ4 Des OE lines (4C4_Glu, red color) indicated 
that the total amount of d18:1 and d18:2 maintained the same in the Δ4 Des overexpression lines. 
From left to right, the major peaks are t18:1(8Z), t18:1(8E), t18:0, d18:2(4E/8Z), d18:2(4E/8E), 
d18:1(8Z), d18:1(8E), d20:1 (standard). 
Tomato has a high level of Δ4 unsaturated LCBs. It is presumed that a decreasing 
expression of Δ4 desaturase in tomatoes would help elucidate the function of Δ4 
unsaturated LCBs. RNAi method was used to lower the expression level of Δ4 desaturase 
in tomatoes. Two RNAi suppression lines were obtained. No obvious altered phenotype 
was observed between RNAi lines and wild-type plants (Figure 3.2a). LCB profiles from 
the neutral fractions (GlcCer) of wild-type tomato and suppression lines indicated that the 
total amount of dihydroxy LCBs maintained a similar level (Figure 3.2b). Notice that the 
total amount of dihydroxy LCBs represent a significant portion of all the LCBs in the 
GlcCer fraction of tomato plants.  
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Figure 3.2 The long-chain base (LCB) profiles of tomato Δ4 desaturase RNAi suppression lines. 
No obvious altered phenotype was observed between wild-type tomato and RNAi suppression 
lines (a). A comparison of the LCB profiles (b) from the neutral fractions of wild type 
(WT_Neutral, blue color) and Δ4 Des suppression lines (HP2_Neutral, red color) indicated an 
unchanged total amount of dihydroxy LCBs, with the decreasing amount of d18:2 compensated 
with a correspondingly increasing amount of d18:1. From left to right, the major peaks are 
t18:1(8Z)-Glc, t18:1(8E)-Glc, t18:1(8Z), t18:1(8E), t18:0, d18:2(4E/8Z), d18:2(4E/8E), 
d18:1(8Z), d18:1(8E). Data from Amit Mehra.  
3.3.2 EARLY SENESCENCE PHENOTYPE IN THE Δ4 DES/LOH2 
OVEREXPRESSION LINES, WITH A SUBSTANTIAL AMOUNT OF Δ4 
UNSATURATED LCBS ACCUMULATED  
Class I ceramide synthase (LOH2) has been shown to increase the total amount of 
dihydroxy LCBs in Arabidopsis [12]. To further enrich Δ4 unsaturated dihydroxy LCBs 
in Arabidopsis, tomato LOH2, along with the Δ4 desaturase aforementioned, was 
overexpressed in wild-type Arabidopsis. Two homozygous transgenic lines were 
obtained. Yellowish leaves and delayed bolting time were observed in the late 
developmental stage of the transgenic lines (Figure 3.3a). The neutral fraction LCB 
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profile of Δ4 Des/LOH2 overexpression lines has Δ4 unsaturated LCBs (d18:2) as the 
most abundant LCB species, without compromising the amount of d18:1 (Figure 3.3b). 
The early senescence in the transgenic lines could be possibly caused by the significant 
level of Δ4 unsaturated LCBs accumulated.  
 
Figure 3.3 Plant development and LCB profiles of Δ4 Des/LOH2 overexpression lines. 
(a) Yellowish leaves and delayed bolting time were observed in Δ4 Des/LOH2 OE lines, but not 
in wild type (Col-0) and LOH2 overexpression lines (LOH2 OE). (b) A comparison of the LCB 
profiles from the neutral fractions of wild type (WT_Glu, blue color), LOH2 OE lines 
(LOH2OE_Glu, orange color), and Δ4 Des/LOH2 OE lines (D4/LOH2OE_Glu, black color). 
With the co-overexpression of both Δ4 Desaturase and LOH2, d18:2 became the most abundant 
LCB species in the neutral fraction. From left to right, the major peaks are t18:1(8Z), t18:1(8E), 
t18:0, d18:2(4E/8Z), d18:2(4E/8E), d18:1(8Z), d18:1(8E), d18:0, d20:1 (standard). 
To further confirm the early senescence in the transgenic lines, transmission 
electron microscopy (TEM) was used to study the internal features of plant cells and 
organelles. We fixed the leaf cells from the Δ4 Des/LOH2 OE leaves before the 
appearance of the senescence phenotype (Figure 3.4a). As shown in Figure 4, compared 
with the normal nuclei observed in the wild-type cells (Figure 3.4b), the Δ4 Des/LOH2 
OE cells showed condensed chromatin aggregated in the perinuclear membrane, which 
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indicates dying cells (Figure 3.4c) [54]. In the dying cells, irregular chloroplasts were 
frequently observed (Figure 3.4c). These observations suggest that the co-overexpression 
of Δ4 desaturase and LOH2 induced early senescence in plant cells.  
 
Figure 3.4 Ultrastructural features of Δ4 Des/LOH2 Overexpression leaves. 
(a) Two-week-old plants of wild-type (left) and Δ4 Des/LOH2 OE lines (right). Representative 
TEM images of the ultrastructure of two-week-old wild-type (b) and Δ4 Des/LOH2 OE (c) 
leaves. Note an aggregate of condensed chromatin ((c), white arrow), and aged chloroplasts ((c), 
black arrows) in the Δ4 Des/LOH2 OE leaf cell. Ch, chloroplast; N, nucleus; S, starch grain. 
3.3.3 Δ4 UNSATURATED LCBS ACCUMULATED IN THE FORM OF BOTH 
CERAMIDES AND GLCCER 
The neutral fraction of sphingolipid has both ceramides and GlcCer. It is not clear 
whether the leaf senescence phenotype was caused by excessive d18:2-ceramides or 
d18:2-GlcCer. LCMS/MS was used to examine the sphingolipid profiles of Δ4 
Des/LOH2 OE lines [10]. It turned out that Δ4 unsaturated LCBs (d18:2) accumulated in 
the form of both ceramides and GlcCer (Figure 3.5, right panel). 
 77 
 
Figure 3.5 Sphingolipid profiles of glucosylceramides (GlcCer), ceramides (Cer) from Col-0, 
LOH2 overexpression, and Δ4 Des/LOH2 co-overexpression lines. 
The sphingolipid profiles were obtained by ESI-LC MS/MS analysis. The concentrations of 
GlcCer and Cer are presented according to the composition of LCB (d18:0, d18:1, d18:2, t18:0, 
t18:1) and hydroxylated (h)/non-hydroxylated (c) fatty acids for Col-0 (left panel), LOH2 
overexpression (middle panel), and a representative homozygous line of Δ4 Des/LOH2 co-
overexpression (right panel). Bars represent the average values of six individual plants as 
replicates. Errors bars represent the standard errors of the means. 
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3.3.4 OVEREXPRESSION OF GLCCER SYNTHASE REMOVED EXCESSIVE 
CERAMIDES AND RECOVERED IMPAIRED PHENOTYPES 
To test if it was the excessive d18:2 ceramides that conferred the early senescence 
in Δ4 Des/LOH2 co-overexpression lines, GlcCer synthases from tomato and Arabidopsis 
were used to channel the accumulated ceramides to GlcCer synthesis in the co-
overexpression lines. With GlcCer synthases overexpressed in the co-overexpression 
lines, the accumulation level of ceramides was lowered more than ten times compared to 
that in the background lines (Figure 3.6). The amount of GlcCer maintained a similar 
level as that of the background. The overexpression of GlcCer synthase also recovered 
the early senescence and delayed bolting time observed in the Δ4 Des/LOH2 co-
overexpression lines (Figure 3.7). The overexpression of Arabidopsis GlcCer synthase 




Figure 3.6 Sphingolipid profiles of glucosylceramides (GlcCer), ceramides (Cer) from Δ4 
Des/LOH2 co-overexpression lines, and GlcCer synthase overexpression in Δ4 Des/LOH2 co-
overexpression lines. 
The concentrations of GlcCer and Cer are presented according to the composition of LCB (d18:0, 
d18:1, d18:2, t18:0, t18:1) and hydroxylated (h)/non-hydroxylated (c) fatty acids for a 
representative homozygous line of Δ4 Des/LOH2 co-overexpression (left panel) and a 
representative homozygous line of the GlcCer synthase overexpression in the Δ4 Des/LOH2 co-
overexpression background. Bars represent the average values of six individual plants as 




Figure 3.7 Phenotypes of wild-type, Δ4 Des/LOH2 co-overexpression, and GlcCer synthase 
overexpression in the Δ4 Des/LOH2 co-overexpression background. 
40 days old plants of wild-type (WT, left), Δ4 Des/LOH2 co-overexpression (4LC, middle), and 
GlcCer synthase overexpression in Δ4 Des/LOH2 co-overexpression background (SG4LC1-5, 
right). The overexpression of GlcCer synthase recovered the early senescence and delayed bolting 
time observed in Δ4 Des/LOH2 co-overexpression lines.  
3.4 CONCLUSIONS 
To summarize, our findings indicated that the overexpression of Δ4 desaturase 
alone improved the content of  Δ4 unsaturated LCB (d18:2) with a corresponding 
decreasing level of d18:1. The co-overexpression of Δ4 desaturase and LOH2 resulted in 
high levels of Δ4 unsaturated LCB (d18:2), which could potentially cause the yellowish 
leaves and delayed bolting time in the transgenic lines. Condensed chromatin and 
irregular chloroplasts were also observed in the young leaves of the transgenic lines using 
TEM, which indicated early senescence in plant cells. This report described the first time 
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in plants that glucosylceramide synthase (GCS) was used to channel the excessive 
ceramides into GlcCer synthesis. The resulting transgenic lines displayed a similar low 
level of ceramides as wild type. The early senescence phenotype also disappeared. We 
concluded that GCS is an effective way to remove excessive ceramides accumulation in 
plants.  
3.5 MATERIALS AND METHODS 
3.5.1 PLANT GROWTH CONDITIONS 
Arabidopsis (Arabidopsis thaliana) Columbia-0 (Col-0) was used as the wild-type 
reference in this study. For sterile growth, Arabidopsis (Col‐0) seeds were surface‐
sterilized and sowed on half‐strength MS agar plates (Sigma‐Aldrich, 
http://www.sigmaaldrich.com/) containing 1% sucrose. After 2 days of stratification at 
4°C, the plates were maintained under 16 h light/8 h dark conditions (120 μmol m-2 sec-1, 
23°C). Soil‐grown plants were maintained at 22°C and 50% humidity under a 16 h light 
(100 μmol m-2 sec-1)/8 h dark cycle. The tomato variety Rutgers plants were grown in 5-L 
pots under greenhouse conditions: 16/8 h photoperiod, 24±3 °C, 60% humidity, and 
140±40 μmol m−2 s−1 incident photo-irradiance. 
3.5.2 VECTOR CONSTRUCTION AND TRANSFORMATION 
Δ4 desaturase, LOH2, and tomato GlcCer synthase were amplified by PCR using 
oligonucleotide primer sets P1, P2, and P3 (Table 3.1) and Phusion polymerase (New 
England Biolabs) from a tomato cDNA library prepared from leaves. Arabidopsis GlcCer 
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synthase was amplified by PCR using primer set P4 (Table 3.1) from an Arabidopsis 
cDNA library prepared from leaves. Δ4 desaturase PCR product was cloned into the 
restriction sites of the binary vector pBinRed35S downstream of the CaMV35S promoter. 
The PCR products of LOH2 and two GlcCer synthases were cloned into the BamHI-
NcoI/PciI restriction sites of the plasmid AKK1517 downstream of the ubiquitin 
promoter. The resulting cassette containing LOH2 and the ubiquitin promoter was 
digested using AscI, gel purified and cloned into the binary vector pBinRed35S with and 
without Δ4 desaturase. The cassettes containing GlcCer synthase PCR products and 
ubiquitin promoters were introduced as an AscI fragment into the pEC291 binary vector, 
which contains a hygromycin phosphotransferase gene for transgenic plant selection. The 
binary vectors harboring each cDNA under the control of the CaMV 35S promoter and 
the ubiquitin promoter were introduced in Agrobacterium tumefaciens C58 by 
electroporation. Transgenic plants were created by the floral dip of Arabidopsis (Col-0; 
[84]). Seeds were screened with a green light-emitting diode and a Red2 camera filter to 
identify transformed seeds based on DsRed fluorescence [85]. Hygromycin (40 μg ml-1) 
in MS agar plates (see above) were used for the selection of transformants for the GlcCer 
synthase overexpression experiments. Seeds were planted in soil and maintained under 
22°C and 50% humidity with a 16-h-light (100 μmol m-2s-1)/8-h-dark cycle through three 
or more generations to obtain homozygous lines for phenotypic characterization. 
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Table 3.1 Primers used in Chapter 3 
Construct Primers 
P1: SlΔ4des F: AGCAATTGATGGGATTTGAAGGGGAAAAG 
R: ATCTCGAGCTATTCGGACTTGTTTGCTTTTG 
P2: SlLOH2 F: ATGGATCCATGGACTCGATTTGGGCGAACA 
R: AGACATGTTTAGTCGTCATCTTCTGAATCAG 
P3: TomGCS F: TTTTTGGATCCAAAAATGGTGACGGTTGATACATTTG 
R: TTATACCATGGATTATCTAAATGTTATATTTCTTTGGTTGTCTC 
P4: AtGCS F: TTTTTGGATCCGAAAGATGTCTACATTGGACTCCATTG 
R: TTATACCATGGTTTTTTAAACATCGAATTTTTTCGGTTG 
3.5.3 ISOLATION OF SPHINGOLIPID NEUTRAL FRACTIONS 
Sphingolipids neutral fractions were extracted as described in Cahoon et al. 
(2007). Briefly, lipids were extracted from leaves of Arabidopsis seedlings according to 
the method of Bligh and Dyer [88]. Sphingolipid neutral fractions were purified using 
silica SepPak cartridges (Millipore). The crude lipid extract dissolved in 3 mL of 
chloroform: acetic acid (100:1, v/v) was applied to an equilibrated silica cartridge 
attached to the barrel of a 10 ml glass syringe. Residual lipid was washed into the column 
with 2 mL of chloroform: acetic acid (100:1, v/v), and neutral lipids (primarily free 
sterols) were eluted with an additional 15 mL of this solvent. Free fatty acids and sterol 
glucosides were eluted with the sequential addition of 3 mL of chloroform: acetone 
(80:20, v/v), and 1 mL of chloroform: acetone (50:50, v/v). Sphingolipid neutral fractions 
were eluted with 7 mL of acetone followed by 5 mL of acetone: acetic acid (100:1, v/v). 
The eluted fractions were dried under nitrogen and subjected to alkaline hydrolysis for 
LCB analysis.  
3.5.4 ANALYSIS OF THE SPHINGOLIPID LCB COMPOSITION 
The LCB composition of sphingolipid neutral fractions was analyzed as described 
by Markham et al. (2006). Briefly, dried sphingolipid neutral fractions were subjected to 
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strong alkaline hydrolysis in 10% barium hydroxide in dioxane. The resulting free LCBs 
were derivatized with o-phthaldialdehyde as previously described [89] and analyzed by 
reverse-phase HPLC with detection by absorbance at 455 nm. Identification was via 
comigration with known standard (d20:1; Matreya, Inc.) and comparison with published 
LCB profiles [35]. 
3.5.5 ELECTRON MICROSCOPY 
Two-week-old wild-type and Δ4 Des/LOH2 OE line seedlings were used for 
TEM. The samples were cut and fixed with 2.5% (v/v) glutaraldehyde and 2.0% (v/v) 
paraformaldehyde in 0.1 M cacodylate buffer. The samples were subjected to postfixation 
with 1% (w/v) osmium tetroxide in 0.1 M cacodylate buffer, dehydrated with ethanol and 
acetone, and embedded with a Spurr’s Embedding Kit. Ultrathin sections (100 nm) were 
cut and stained with uranyl acetate and lead citrate. Samples were imaged on a Hitachi 
H7500 transmission electron microscope at an accelerating voltage of 80 kV. 
3.5.6 SPHINGOLIPID EXTRACTION AND ANALYSIS 
Sphingolipids were extracted as described in Markham and Jaworski (2007). 
Briefly, three-week-old Arabidopsis seedlings grown on solid medium were collected 
from independent plates for each biological replicate. The seedlings were lyophilized, 
and 10 to 30 mg of tissue was homogenized and extracted with 
isopropanol:heptane:water (55:20:25, v/v/v). Internal standards for the different 
sphingolipid classes were added. The supernatants were dried and deesterified with 
methylamine in ethanol:water (70:30, v/v). The lipid extract was re-suspended in 
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tetrahydrofuran:methanol:water (5:2:5, v/v/v) containing 0.1% (v/v) formic acid. The 
sphingolipid species were analyzed using a Shimadzu Prominence ultra-performance 
liquid chromatography system and a 4000 QTRAP mass spectrometer (AB SCIEX). Data 
analysis and quantification were performed using the software Analyst 1.5 and 
MultiQuant 2.1 as described by Markham and Jaworski (2007), Kimberlin et al. (2013), 
and Davis et al. (2020). 
3.5.7 ACCESSION NUMBERS 
Accession numbers for the genes studied in this work are as follows: LOH2 from 
tomato (XM_004230742); Δ4 desaturase from tomato (AK320464); GlcCer synthase 





1. Thudichum JLW. 1962. A Treatise on the Chemical Constitution of the Brain. 
Archon Books 
2. Kanfer JN, Hakomori S-i. 2012. Sphingolipid biochemistry. Springer Science & 
Business Media 
3. Hannun YA, Obeid LM. 2018. Sphingolipids and their metabolism in physiology 
and disease. Nature reviews Molecular cell biology 19:175 
4. Dunn TM, Lynch DV, Michaelson LV, Napier JA. 2004. A post‐genomic 
approach to understanding sphingolipid metabolism in Arabidopsis thaliana. 
Annals of botany 93:483-97 
5. Carter HE, Gigg R, Law JH, Nakayama T, Weber E. 1958. Biochemistry of the 
Sphingolipides XI. STRUCTURE OF PHYTOGLYCOLIPIDE. Journal of 
Biological Chemistry 233:1309-14 
6. Luttgeharm KD, Kimberlin AN, Cahoon EB. 2016. Plant Sphingolipid 
Metabolism and Function. In Lipids in Plant and Algae Development, ed. Y 
Nakamura, Y Li-Beisson:249-86. Cham: Springer International Publishing. 
Number of 249-86 pp. 
7. Sperling P, Franke S, Lüthje S, Heinz E. 2005. Are glucocerebrosides the 
predominant sphingolipids in plant plasma membranes? Plant Physiology and 
Biochemistry 43:1031-8 
8. Ng CK-Y, Hetherington AM. 2001. Sphingolipid-mediated signalling in plants. 
Annals of Botany 88:957-65 
9. Worrall D, Ng CK, Hetherington AM. 2003. Sphingolipids, new players in plant 
signaling. Trends in plant science 8:317-20 
10. Markham JE, Jaworski JG. 2007. Rapid measurement of sphingolipids from 
Arabidopsis thaliana by reversed‐phase high‐performance liquid chromatography 
coupled to electrospray ionization tandem mass spectrometry. Rapid 
Communications in Mass Spectrometry: An International Journal Devoted to the 
Rapid Dissemination of Up‐to‐the‐Minute Research in Mass Spectrometry 
21:1304-14 
11. Ternes P, Feussner K, Werner S, Lerche J, Iven T, et al. 2011. Disruption of the 
ceramide synthase LOH1 causes spontaneous cell death in Arabidopsis thaliana. 
New Phytologist 192:841-54 
12. Luttgeharm KD, Chen M, Mehra A, Cahoon RE, Markham JE, Cahoon EB. 2015. 
Overexpression of Arabidopsis ceramide synthases differentially affects growth, 
sphingolipid metabolism, programmed cell death, and mycotoxin resistance. Plant 
physiology 169:1108-17 
13. Mullen TD, Hannun YA, Obeid LM. 2012. Ceramide synthases at the centre of 
sphingolipid metabolism and biology. Biochemical Journal 441:789-802 
14. Pewzner-Jung Y, Ben-Dor S, Futerman AH. 2006. When do Lasses (longevity 
assurance genes) become CerS (ceramide synthases)? Insights into the regulation 
of ceramide synthesis. Journal of Biological Chemistry 281:25001-5 
15. Levy M, Futerman AH. 2010. Mammalian ceramide synthases. IUBMB life 
62:347-56 
 87 
16. Luttgeharm KD, Cahoon EB, Markham JE. 2016. Substrate specificity, kinetic 
properties and inhibition by fumonisin B1 of ceramide synthase isoforms from 
Arabidopsis. Biochemical Journal 473:593-603 
17. Chen M, Markham JE, Dietrich CR, Jaworski JG, Cahoon EB. 2008. Sphingolipid 
long-chain base hydroxylation is important for growth and regulation of 
sphingolipid content and composition in Arabidopsis. The Plant Cell 20:1862-78 
18. Markham JE, Molino D, Gissot L, Bellec Y, Hématy K, et al. 2011. Sphingolipids 
containing very-long-chain fatty acids define a secretory pathway for specific 
polar plasma membrane protein targeting in Arabidopsis. The Plant Cell 23:2362-
78 
19. Chen M, Cahoon EB, Saucedo-García M, Plasencia J, Gavilanes-Ruíz M. 2009. 
Plant sphingolipids: structure, synthesis and function. In Lipids in 
photosynthesis:77-115: Springer. Number of 77-115 pp. 
20. Cacas J-L, Buré C, Furt F, Maalouf J-P, Badoc A, et al. 2013. Biochemical survey 
of the polar head of plant glycosylinositolphosphoceramides unravels broad 
diversity. Phytochemistry 96:191-200 
21. Markham JE, Lynch DV, Napier JA, Dunn TM, Cahoon EB. 2013. Plant 
sphingolipids: function follows form. Current opinion in plant biology 16:350-7 
22. Chen M, Han G, Dietrich CR, Dunn TM, Cahoon EB. 2006. The essential nature 
of sphingolipids in plants as revealed by the functional identification and 
characterization of the Arabidopsis LCB1 subunit of serine palmitoyltransferase. 
The plant cell 18:3576-93 
23. Dietrich CR, Han G, Chen M, Berg RH, Dunn TM, Cahoon EB. 2008. Loss‐of‐
function mutations and inducible RNAi suppression of Arabidopsis LCB2 genes 
reveal the critical role of sphingolipids in gametophytic and sporophytic cell 
viability. The Plant Journal 54:284-98 
24. Teng C, Dong H, Shi L, Deng Y, Mu J, et al. 2008. Serine palmitoyltransferase, a 
key enzyme for de novo synthesis of sphingolipids, is essential for male 
gametophyte development in Arabidopsis. Plant physiology 146:1322-32 
25. Michaelson LV, Napier JA, Molino D, Faure J-D. 2016. Plant sphingolipids: 
Their importance in cellular organization and adaption. Biochimica et Biophysica 
Acta (BBA)-Molecular and Cell Biology of Lipids 1861:1329-35 
26. Hanada K. 2003. Serine palmitoyltransferase, a key enzyme of sphingolipid 
metabolism. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of 
Lipids 1632:16-30 
27. Han G, Gupta SD, Gable K, Niranjanakumari S, Moitra P, et al. 2009. 
Identification of small subunits of mammalian serine palmitoyltransferase that 
confer distinct acyl-CoA substrate specificities. Proceedings of the National 
Academy of Sciences 106:8186-91 
28. Kimberlin AN, Majumder S, Han G, Chen M, Cahoon RE, et al. 2013. 
Arabidopsis 56–amino acid serine palmitoyltransferase-interacting proteins 
stimulate sphingolipid synthesis, are essential, and affect mycotoxin sensitivity. 
The Plant Cell 25:4627-39 
29. Han S, Lone MA, Schneiter R, Chang A. 2010. Orm1 and Orm2 are conserved 
endoplasmic reticulum membrane proteins regulating lipid homeostasis and 
 88 
protein quality control. Proceedings of the National Academy of Sciences 
107:5851-6 
30. Breslow DK, Collins SR, Bodenmiller B, Aebersold R, Simons K, et al. 2010. 
Orm family proteins mediate sphingolipid homeostasis. Nature 463:1048-53 
31. Kimberlin AN, Han G, Luttgeharm KD, Chen M, Cahoon RE, et al. 2016. ORM 
expression alters sphingolipid homeostasis and differentially affects ceramide 
synthase activity. Plant physiology 172:889-900 
32. Gonzalez-Solis A, Han G, Gan L, Li Y, Markham JE, et al. 2020. Unregulated 
Sphingolipid Biosynthesis in Gene-Edited Arabidopsis ORM Mutants Results in 
Nonviable Seeds with Strongly Reduced Oil Content. The Plant Cell 32:2474-90 
33. Chao D-Y, Gable K, Chen M, Baxter I, Dietrich CR, et al. 2011. Sphingolipids in 
the root play an important role in regulating the leaf ionome in Arabidopsis 
thaliana. The Plant Cell 23:1061-81 
34. Zimmermann P, Hirsch-Hoffmann M, Hennig L, Genevestigator G. 2004. 
Arabidopsis microarray database and analysis toolbox (vol 136, pg 2621, 2004). 
Plant Physiology 136:4335- 
35. Markham JE, Li J, Cahoon EB, Jaworski JG. 2006. Separation and identification 
of major plant sphingolipid classes from leaves. Journal of Biological Chemistry 
281:22684-94 
36. Sperling P, Ternes P, Moll H, Franke S, Zähringer U, Heinz E. 2001. Functional 
characterization of sphingolipid C4-hydroxylase genes from Arabidopsis thaliana. 
Febs Letters 494:90-4 
37. Ishikawa T, Ito Y, Kawai‐Yamada M. 2016. Molecular characterization and 
targeted quantitative profiling of the sphingolipidome in rice. The Plant Journal 
88:681-93 
38. Li-Beisson Y, Shorrosh B, Beisson F, Andersson MX, Arondel V, et al. 2013. 
Acyl-lipid metabolism. The Arabidopsis book/American Society of Plant 
Biologists 11 
39. De Bigault Du Granrut A, Cacas J-L. 2016. How very-long-chain fatty acids 
could signal stressful conditions in plants? Frontiers in plant science 7:1490 
40. Joubès J, Raffaele S, Bourdenx B, Garcia C, Laroche-Traineau J, et al. 2008. The 
VLCFA elongase gene family in Arabidopsis thaliana: phylogenetic analysis, 3D 
modelling and expression profiling. Plant molecular biology 67:547 
41. Kunst L, Taylor DC, Underhill EW. 1992. Fatty acid elongation in developing 
seeds of Arabidopsis thaliana. Plant Physiol Biochem 30:425-34 
42. Millar AA, Clemens S, Zachgo S, Giblin EM, Taylor DC, Kunst L. 1999. CUT1, 
an Arabidopsis gene required for cuticular wax biosynthesis and pollen fertility, 
encodes a very-long-chain fatty acid condensing enzyme. The Plant Cell 11:825-
38 
43. Lee SB, Jung SJ, Go YS, Kim HU, Kim JK, et al. 2009. Two Arabidopsis 3‐
ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally 
redundant in cuticular wax and root suberin biosynthesis, but differentially 
controlled by osmotic stress. The Plant Journal 60:462-75 
44. Bach L, Faure J-D. 2010. Role of very-long-chain fatty acids in plant 
development, when chain length does matter. Comptes rendus biologies 333:361-
70 
 89 
45. Ternes P, Wobbe T, Schwarz M, Albrecht S, Feussner K, et al. 2011. Two 
pathways of sphingolipid biosynthesis are separated in the yeast Pichia pastoris. 
Journal of Biological Chemistry 286:11401-14 
46. Tidhar R, Zelnik ID, Volpert G, Ben-Dor S, Kelly S, et al. 2018. Eleven residues 
determine the acyl chain specificity of ceramide synthases. Journal of Biological 
Chemistry 293:9912-21 
47. Chen M, Markham JE, Cahoon EB. 2012. Sphingolipid Δ8 unsaturation is 
important for glucosylceramide biosynthesis and low‐temperature performance in 
Arabidopsis. The plant journal 69:769-81 
48. Michaelson LV, Zäuner S, Markham JE, Haslam RP, Desikan R, et al. 2009. 
Functional characterization of a higher plant sphingolipid Δ4-desaturase: defining 
the role of sphingosine and sphingosine-1-phosphate in Arabidopsis. Plant 
Physiology 149:487-98 
49. Ternes P, Franke S, Zähringer U, Sperling P, Heinz E. 2002. Identification and 
characterization of a sphingolipid Δ4-desaturase family. Journal of Biological 
Chemistry 277:25512-8 
50. Luttgeharm KD, Kimberlin AN, Cahoon RE, Cerny RL, Napier JA, et al. 2015. 
Sphingolipid metabolism is strikingly different between pollen and leaf in 
Arabidopsis as revealed by compositional and gene expression profiling. 
Phytochemistry 115:121-9 
51. Michel C, van Echten-Deckert G, Rother J, Sandhoff K, Wang E, Merrill AH. 
1997. Characterization of ceramide synthesis a dihydroceramide desaturase 
introduces the 4, 5-trans-double bond of sphingosine at the level of 
dihydroceramide. Journal of Biological Chemistry 272:22432-7 
52. Pata MO, Hannun YA, Ng CKY. 2010. Plant sphingolipids: decoding the enigma 
of the Sphinx. New Phytologist 185:611-30 
53. Sperling P, Zähringer U, Heinz E. 1998. A Sphingolipid Desaturase from Higher 
Plants IDENTIFICATION OF A NEW CYTOCHROME b 5FUSION PROTEIN. 
Journal of Biological Chemistry 273:28590-6 
54. Liang H, Yao N, Song JT, Luo S, Lu H, Greenberg JT. 2003. Ceramides modulate 
programmed cell death in plants. Genes & development 17:2636-41 
55. Lynch DV, Dunn TM. 2004. An introduction to plant sphingolipids and a review 
of recent advances in understanding their metabolism and function. New 
phytologist 161:677-702 
56. Leipelt M, Warnecke D, Zähringer U, Ott C, Müller F, et al. 2001. 
Glucosylceramide synthases, a gene family responsible for the biosynthesis of 
glucosphingolipids in animals, plants, and fungi. Journal of Biological Chemistry 
276:33621-9 
57. Melser S, Batailler B, Peypelut M, Poujol C, Bellec Y, et al. 2010. 
Glucosylceramide biosynthesis is involved in Golgi morphology and protein 
secretion in plant cells. Traffic 11:479-90 
58. Liu Y-Y, Hill RA, Li Y-T. 2013. Ceramide glycosylation catalyzed by 
glucosylceramide synthase and cancer drug resistance. In Advances in cancer 
research, 117:59-89: Elsevier. Number of 59-89 pp. 
 90 
59. Msanne J, Chen M, Luttgeharm KD, Bradley AM, Mays ES, et al. 2015. 
Glucosylceramides are critical for cell‐type differentiation and organogenesis, but 
not for cell viability in Arabidopsis. The Plant Journal 84:188-201 
60. Mortimer JC, Scheller HV. 2020. Synthesis and Function of Complex 
Sphingolipid Glycosylation. Trends in plant science  
61. Wang W, Yang X, Tangchaiburana S, Ndeh R, Markham JE, et al. 2008. An 
inositolphosphorylceramide synthase is involved in regulation of plant 
programmed cell death associated with defense in Arabidopsis. The Plant Cell 
20:3163-79 
62. Nagiec MM, Nagiec EE, Baltisberger JA, Wells GB, Lester RL, Dickson RC. 
1997. Sphingolipid synthesis as a target for antifungal drugs complementation of 
the inositol phosphorylceramide synthase defect in a mutant strain of 
Saccharomyces cerevisiae by the AUR1 gene. Journal of Biological Chemistry 
272:9809-17 
63. Liao P, Huang J, Tong P, Nie W, Yan X, et al. 2017. Characterization and 
expression analysis of inositolphosphorylceramide synthase family genes in rice 
(Oryza sativa L.). Genes & Genomics 39:485-92 
64. Rennie EA, Ebert B, Miles GP, Cahoon RE, Christiansen KM, et al. 2014. 
Identification of a sphingolipid α-glucuronosyltransferase that is essential for 
pollen function in Arabidopsis. The Plant Cell 26:3314-25 
65. Buré C, Cacas J-L, Mongrand S, Schmitter J-M. 2014. Characterization of 
glycosyl inositol phosphoryl ceramides from plants and fungi by mass 
spectrometry. Analytical and bioanalytical chemistry 406:995-1010 
66. Mortimer JC, Yu X, Albrecht S, Sicilia F, Huichalaf M, et al. 2013. Abnormal 
glycosphingolipid mannosylation triggers salicylic acid–mediated responses in 
Arabidopsis. The Plant Cell 25:1881-94 
67. Fang L, Ishikawa T, Rennie EA, Murawska GM, Lao J, et al. 2016. Loss of 
inositol phosphorylceramide sphingolipid mannosylation induces plant immune 
responses and reduces cellulose content in Arabidopsis. The Plant Cell 28:2991-
3004 
68. Tartaglio V, Rennie EA, Cahoon R, Wang G, Baidoo E, et al. 2017. Glycosylation 
of inositol phosphorylceramide sphingolipids is required for normal growth and 
reproduction in Arabidopsis. The Plant Journal 89:278-90 
69. Ishikawa T, Fang L, Rennie EA, Sechet J, Yan J, et al. 2018. GLUCOSAMINE 
INOSITOLPHOSPHORYLCERAMIDE TRANSFERASE1 (GINT1) is a 
GlcNAc-containing glycosylinositol phosphorylceramide glycosyltransferase. 
Plant physiology 177:938-52 
70. Ebert B, Rautengarten C, McFarlane HE, Rupasinghe T, Zeng W, et al. 2018. A 
Golgi UDP-GlcNAc transporter delivers substrates for N-linked glycans and 
sphingolipids. Nature plants 4:792-801 
71. Jiang Z, Zhou X, Tao M, Yuan F, Liu L, et al. 2019. Plant cell-surface GIPC 
sphingolipids sense salt to trigger Ca 2+ influx. Nature 572:341-6 
72. Lenarčič T, Albert I, Böhm H, Hodnik V, Pirc K, et al. 2017. Eudicot plant-
specific sphingolipids determine host selectivity of microbial NLP cytolysins. 
Science 358:1431-4 
 91 
73. Shiferaw B, Prasanna BM, Hellin J, Bänziger M. 2011. Crops that feed the world 
6. Past successes and future challenges to the role played by maize in global food 
security. Food security 3:307 
74. Härtel H, Benning C. 2000. Can digalactosyldiacylglycerol substitute for 
phosphatidylcholine upon phosphate deprivation in leaves and roots of 
Arabidopsis? : Portland Press Ltd. 
75. Andersson MX, Stridh MH, Larsson KE, Liljenberg C, Sandelius AS. 2003. 
Phosphate‐deficient oat replaces a major portion of the plasma membrane 
phospholipids with the galactolipid digalactosyldiacylglycerol. FEBS letters 
537:128-32 
76. Milewski S, Gabriel I, Olchowy J. 2006. Enzymes of UDP-GlcNAc biosynthesis 
in yeast. Yeast 23:1-14 
77. Furo K, Nozaki M, Murashige H, Sato Y. 2015. Identification of anN‐
acetylglucosamine kinase essential for UDP‐N‐acetylglucosamine salvage 
synthesis inArabidopsis. FEBS letters 589:3258-62 
78. Nagano M, Takahara K, Fujimoto M, Tsutsumi N, Uchimiya H, Kawai-Yamada 
M. 2012. Arabidopsis sphingolipid fatty acid 2-hydroxylases (AtFAH1 and 
AtFAH2) are functionally differentiated in fatty acid 2-hydroxylation and stress 
responses. Plant physiology 159:1138-48 
79. Johnson M, Zaretskaya I, Raytselis Y, Merezhuk Y, McGinnis S, Madden TL. 
2008. NCBI BLAST: a better web interface. Nucleic acids research 36:W5-W9 
80. Huang Y, Niu B, Gao Y, Fu L, Li W. 2010. CD-HIT Suite: a web server for 
clustering and comparing biological sequences. Bioinformatics 26:680-2 
81. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: molecular 
evolutionary genetics analysis across computing platforms. Molecular biology 
and evolution 35:1547-9 
82. Thompson JD, Gibson TJ, Higgins DG. 2003. Multiple Sequence Alignment 
Using ClustalW and ClustalX. Current Protocols in Bioinformatics 00:2.3.1-
2.3.22 
83. Kawana M, Miyamoto M, Ohno Y, Kihara A. 2020. Comparative profiling and 
comprehensive quantification of stratum corneum ceramides in humans and mice 
by LC/MS/MS. Journal of lipid research 61:884-95 
84. Gao H, Gao M-q, Peng J-j, Han M, Liu K-l, Han Y-t. 2017. Hispidulin mediates 
apoptosis in human renal cell carcinoma by inducing ceramide accumulation. 
Acta Pharmacologica Sinica 38:1618-31 
85. Clough SJ, Bent AF. 1998. Floral dip: a simplified method for Agrobacterium‐
mediated transformation of Arabidopsis thaliana. The plant journal 16:735-43 
86. Jach G, Binot E, Frings S, Luxa K, Schell J. 2001. Use of red fluorescent protein 
from Discosoma sp.(dsRED) as a reporter for plant gene expression. The Plant 
Journal 28:483-91 
87. Bligh EG, Dyer WJ. 1959. A rapid method of total lipid extraction and 
purification. Canadian journal of biochemistry and physiology 37:911-7 
88. Merrill A, Caligan TB, Wang E, Peters K, Ou J. 2000. Analysis of sphingoid 
bases and sphingoid base 1-phosphates by high-performance liquid 




MOLECULAR CHARACTERIZATION AND TARGETED QUANTITATIVE 
PROFILING OF THE SPHINGOLIPIDOME IN MAIZE 
4.1 INTRODUCTION 
Sphingolipids represent a major class of lipids that are ubiquitous membrane 
lipids in eukaryotic cells. Sphingolipids are characterized by a hydrophobic ceramide 
backbone with modifications of hydrophilic moieties, such as sugar chains and phosphate 
groups. The ceramide backbone consists of a long-chain base (LCB) bound to a fatty acid 
(FA). Sphingolipid biosynthesis has been shown to be essential for normal plant growth 
and plant responses to a variety of biotic and abiotic stresses [8; 17; 18; 28; 47; 54; 57; 
59; 61; 64; 66; 78]. These insights support that a better understanding of sphingolipid 
structural diversity may help elucidate the physiological functions of plant sphingolipids. 
Multiple metabolic modifications in LCB and FA moieties of the ceramide backbone, as 
well as variable structures of head groups, contribute to the many hundreds of 
sphingolipid species in plant cells [10; 35; 65]. Among these, glycosylinositol phosphoryl 
ceramides (GIPCs), the most abundant class of sphingolipids in plants, have not been 
characterized in terms of structure and biodiversity until recently [37; 65], for their low 
solubility in traditional chloroform-based solvents used for general lipid research [35]. 
However, recent advances in analytical methods have provided comprehensive 
sphingolipid profiles in Arabidopsis and other dicotyledonous plants [10; 35]. This 
emerging sphingolipidomics, along with the availability of Arabidopsis mutants have 
facilitated recent studies revealing the essential roles of GIPCs in plant normal growth 
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and development [12; 17; 18; 28; 61]. A comprehensive sphingolipid profile was also 
obtained in a model monocot, rice (Oryza sativa) [37]. It is estimated that sphingolipid 
structures vary among different plant species [20; 35; 65], but a comprehensive 
sphingolipidomic profile of another important crop plant, maize (Zea mays), still awaits 
to be elucidated.  
Maize is one of the most important food crops in the world. Together with rice 
and wheat, maize provides at least 30% of the food calories to more than 4.5 billion 
people in 94 developing countries [73]. However, the GIPC head groups of maize have 
not yet been fully elucidated. Crop plant development is strongly dependent on the 
availability of nitrogen (N) and phosphate (P) in the soil. Little is known about the effects 
of nitrogen and phosphate deprivation on the synthesis of complex GIPCs. The general 
structure of GIPCs in all plants contains a phosphoryl inositol group, which comes from 
phosphatidylinositol (PI), one of the major phospholipid species [61; 62]. Phosphate-
limiting condition is reported to cause a strong decrease in all phospholipids of the plant 
plasma membrane, including PI. Thus, it is hypothesized that IPC synthesis would be 
affected by the decreasing amount of PI under phosphate deficiency. Moreover, other 
plants such as rice and tobacco, contain glucosamine (GlcN) or N-acetylglucosamine 
GlcN(Ac) as the major second sugar head group of GIPCs [69]. The synthesis of 
GlcNAc-containing GIPCs requires the GlcNAc group from uridine diphosphate-N-
acetylglucosamine (UDP-GlcNAc) [70]. UDP-GlcNAc is synthesized de novo from 
fructose‐6‐phosphate (Fru‐6‐P) through four successive reactions: transamination, 
acetylation, isomerization, and uridylation. In both eukaryotic and prokaryotic cells, the 
first committed step is the conversion of fructose-6-P (Fru-6-P) into glucosamine-6-
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phosphate (GlcN-6-P). This step is catalyzed by an enzyme known by the trivial name 
‘GlcN-6-P synthase’. This enzyme transfers ammonia from the L-glutamine amide group 
to Fru-6-P [76; 77]. It is hypothesized that lack of nitrogen would affect the synthesis of 
GlcN(Ac)-containing GIPCs, which are the major GIPCs in many important crop plants. 
In this chapter, we dissected the molecular characteristics of the GIPC class in 
maize to establish a comprehensive quantitative sphingolipidomics method. This study 
showed that maize has similar sphingolipidomic features compared to rice. In addition, 
the sphingolipidomics approach demonstrated sphingolipidomic differences under 
nitrogen and phosphate depletion, suggesting the effect of nutrition deficiency on 
sphingolipid metabolism in maize, particularly for the GIPC subclasses containing 
complex sugar chains.  
4.2 RESULTS 
4.2.1 PREPARATION AND MOLECULAR CHARACTERIZATION OF MAIZE 
SPHINGOLIPID CLASSES 
Total sphingolipids were extracted from homogenized maize root tissues by 
incubation and centrifugation according to the published protocol [35]. Two major 
classes of plant sphingolipids, the neutral fraction (GlcCer and ceramide) and the 
negatively charged fraction (GIPC) were fractionated from the total sphingolipid 
extraction. Commercially available solid-phase extraction (SPE) cartridges combined 
with optimized solvent systems successfully separated the two types of plant 
sphingolipids [35]. The reverse-phase HPLC method was used to analyze the chemically 
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derivatized LCB species of each sphingolipid fraction. Figure 4.1 shows the LCB 
composition of the total sphingolipid extraction (Figure 4.1A) and the two major 
sphingolipid fractions (Figure 4.1B&4.1C) from maize roots. The LCB profile of maize 
neutral fraction was similar to that of the total sphingolipid extraction, which contained 
mostly t18:1 and d18:2, with a greater proportion of t18:1(8Z) than t18:1(8E). In contrast, 
the charged sphingolipids contained almost entirely t18:0.  
 
Figure 4.1 LCB compositions of the total sphingolipid extraction and the two sphingolipid 
fractions of maize roots. 
HPLC of o-phthaldialdehyde derivatives of LCBs from total sphingolipid extraction (A), the 
neutral fraction (B), and the charged fraction (C). LCBs were liberated by hydrolysis, converted 
to their o-phthaldialdehyde derivatives, and separated by HPLC. No LCBs eluted in the first 12 
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min of the run. Peaks were identified by comparison with a known standard (1nmol d20:1) and 
previously published data [35]. 
4.2.2 CHARACTERIZATION OF STRUCTURAL VARIATION OF MAIZE GIPC 
The sugar head groups of GIPC species in several eudicots and rice have been 
characterized by MS-based approaches [10; 35; 37], while little is known about the polar 
head groups and ceramide moieties of maize GIPCs. To characterize polar head groups of 
maize GIPCs, we analyzed the GIPC fraction by electron spray ionization-tandem mass 
spectrometry (ESI-MS/MS). An initial total ion scan by direct infusion of the charged 
fraction indicated a series of GIPC structures similar to rice. Precursor ion scanning was 
used to analyze the GIPC structures and to survey the head group structural variety. The 
ceramide backbone of GIPCs in both Arabidopsis and rice mainly consists of trihydroxy 
LCB and C-24 fatty acid [10; 37].  As t18:0 is the predominant LCB species in maize 
charged sphingolipid fraction detected above (Figure 4.1C), product ion 666.6 (t18:0-
h24:0 ceramide moiety) was used for the precursor ion scanning. Four major m/z signals 
were obtained as the precursor ions (Figure 4.2), which had the same pattern as rice had 
[37]. These four peaks correspond to the [M+H]+ of four subclasses of GIPCs with 
different sugar head groups, i.e., HexN-GIPC ([M+H]+ = 1263.9), HexNAc-GIPC 
([M+H]+ = 1305.6), HexHexN-GIPC ([M+H]+ = 1426.2), and HexHexNAc-GIPC 
([M+H]+ = 1468.0). Additionally, the following targeted multiple-reaction monitoring 
(MRM) combined with tandem reverse-phase high-performance liquid chromatography 
(HPLC) separation demonstrated the presence of four GIPC species as 
chromatographically separated peaks, not derived from artifacts such as chemical adduct 
ions or intramolecular fragmentation (Figure 4.3). Similar to rice, the major GIPC species 
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(Hex-GIPC) in Arabidopsis were never detected in maize extracts [35; 37]. Mass spectra 
of the purified neutral fraction matched the existing mass spectra of ceramide, 2-hydroxy-
ceramide, and monohexosylceramide. This indicated that the neutral sphingolipid of 
maize is no different from other plants [35; 37]. 
 
Figure 4.2 Characterization of maize GIPC species by LC-MS/MS. 
Precursor ion scanning was performed by infusion ESI-MS/MS using m/z = 666.6 (t18:0-h24:0 
Cer) as the precursor. The four major peaks correspond to the [M+H]+ of four subclasses of 
GIPCs with different sugar head groups, i.e., HexN-GIPC ([M+H]+ = 1263.9), HexNAc-GIPC 
([M+H]+ = 1305.6), HexHexN-GIPC ([M+H]+ = 1426.2), and HexHexNAc-GIPC ([M+H]+ = 
1468.0). 
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4.2.3 LC-MS/MS OPTIMIZATION FOR COMPREHENSIVE PROFILING OF MAIZE 
SPHINGOLIPIDS 
A theoretical MRM library was established to cover all sphingolipid structures 
detectable in maize (Table 4.3). Briefly, MRM transitions for Cer and GlcCer species 
remained the same as in the published report [10]. MRM transitions for the four GIPC 
species were modified based on the MRM transitions of Hex-GIPC published before 
[10]. For example, HexN-GIPC has an amine group (-NH2, m/z = 16) in place of the 
hydroxyl group (-OH, m/z = 17) of Hex-GIPC, the precursor ions of HexN-GIPC species 
were thus changed to 1 unit smaller than that of Hex-GIPC. HexNAc-GIPC has an extra 
acetyl group compared to HexN-GIPC (-COCH3, +42 m/z). HexHexN-GIPC has an extra 
hexose against HexN-GIPC (+162 m/z). Hex-HexNAc-GIPC also has an extra hexose 
compared to HexNAc-GIPC ((+162 m/z). The product ions of all four GIPC species were 
set the same as Hex-GIPC, as the resulting ceramide moieties were presumed to be 
unchanged. The parameters of collision energy were optimized for better detection of all 
four GIPC species (Table 4.3). Some GIPC species shared the same MRM transitions. 
For example, both Hex-HexNAc-t18:0h20:1 and Hex-HexNAc-t18:1:h20:0 have an 
MRM transition as 1409.8/608.6 (Table 4.3). Hex-HexNAc-t18:0h20:1 was listed first 
because of its relatively earlier elution time than the other isomer in reverse-phase HPLC. 
Similarly, other GIPC isomers were listed sequentially in Table 4.3 based on their elution 
time in HPLC separation.   
Separation of sphingolipid species was performed by reverse-phase HPLC using a 
mixture of THF, methanol, and water described by Markham et al. [10]. Initial MRM 
analyses indicated the GIPC species with t18:0/h24:0 have the strongest signal intensity. 
 99 
By monitoring the four GIPC species with t18:0/h24:0 ceramide backbone, we optimized 
the gradient conditions (as shown in Table 4.1) to have a sufficient separation of the four 
GIPC species (Figure 4.3). Furthermore, considering the different MS sensitivities among 
lipid species, the MS/MS signal intensities of the four GIPC species were compared with 
the absolute amounts of their LCBs to get the MS response factors for each GIPC species. 
While the GIPC species were separated by HPLC and monitored with MRM, a fraction 
collector via a Valco valve was used to collect most of the elution fraction every minute 
from 24 min to 36 min. Each fraction collected was further comprehensively scanned 
using the GIPC MRM library mentioned above. The relative concentrations (signal 
intensity) of the four GIPCs in each fraction were obtained and compared (Figure 4.4). 
The fractions that had the most specific GIPC species were chosen to determine the MS 
response factors. The absolute amounts of LCBs (t18:0) in each chosen fraction were 
determined by hydrolysis and fluorescent derivatization. Each GIPC species enriched 
fractions were diluted more than four orders of magnitude, which included their 
biological concentrations. The MS signal intensities of each dilution were compared with 
the absolute amounts of LCBs to determine MS response factors for accurate 
quantification (Figure 4.5). The calculated response factor of each species is shown in 
Table 4.2 (see Material and Methods for detail).  
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Table 4.1 Gradient conditions for maize GIPC separation 





See Experimental Procedures for the composition of solvents A and B  
 
 
Figure 4.3 Separation of the four GIPC species. 
Separation of sphingolipid species was performed by reverse-phase HPLC using a mixture of 
THF, methanol, and water described by Markham et al. [10]. The four GIPC species with 
t18:0/h24:0 ceramide backbone were monitored. From left to right the four major peaks are: 
HexNAc-t18:0h24:0, HexN-t18:0h24:0, HexHexNAc-t18:0h24:0, and HexHexN-t18:0h24:0. 
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Figure 4.4 The relative concentration of four GIPC species in each fraction. 
While the GIPC species were separated by HPLC and monitored with MRM, a fraction collector 
was used to collect the elution fractions every minute from 24 min to 36 min. Each fraction 
collected was further comprehensively scanned using the GIPC MRM library. The relative 
concentrations (signal intensity) of the four GIPCs in each fraction were obtained and compared. 
The fractions that had the most specific GIPC species were chosen to determine the MS response 
factors. HexNAc-GIPC had the highest concentration in fraction 30, while the majority of HexN-
GIPC was in fraction 33. Fractions 36 and 37 are enriched with HexHexNAc-GIPC. Fraction 38 




Figure 4.5 Standard curves for GM1 and purified GIPCs. 
The absolute amounts of LCBs (t18:0) in each chosen fraction were determined by hydrolysis and 
fluorescent derivatization. Each GIPC species enriched fractions were diluted more than four 
orders of magnitude, which included their biological concentrations. The MS signal intensities of 
each dilution were compared with the absolute amounts of their LCBs to determine MS response 
factors for accurate quantification. 
 
Table 4.2 Factors for quantification of maize GIPC species in comparison with 
internal standards 
LCB contents of purified GIPC species and internal standards GM1 were determined to 
compensate for different MS responses to the intact structures in ESI-MS/MS. IS, internal 
standards 
  HexN-GIPC HexHexN-GIPC HexNAc-GIPC HexHexNAc-GIPC 
IS GM1 GM1 GM1 GM1 
Factors 0.25 0.2 0.25 0.17 
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4.2.4 COMPREHENSIVE QUANTITATIVE PROFILING REVEAL 
SPHINGOLIPIDOMIC VARIATION IN MAIZE UNDER NUTRITION DEPLETION 
A comprehensive sphingolipidomics approach could provide essential 
quantitative and qualitative data to evaluate the functions of sphingolipids under nutrition 
depletion. Here we analyzed sphingolipidomic profiles of maize roots grown under full 
nutrient, nitrogen depletion, and phosphorus depletion (Figure 4.6). Separate LC-MS/MS 
runs were performed for each class or subclass, i.e., Cer, GlcCer, HexN-GIPC, 
HexHexN-GIPC, HexNAc-GIPC, and HexHexNAc-GIPC (Figure S4.1-S4.11). The total 
contents of HexN-GIPC and HexNAc-GIPC gradually decreased as time went by in all 
three nutrient conditions. No obvious changes were observed in the total sphingolipids 




Figure 4.6 Total sphingolipid contents and composition of sphingolipid classes in various maize 
root tissues. 
W1FN refers to full nutrient root tissues collected in the first week. -N and -P refers to nitrogen 
and phosphate depletion. Bars represent the average values of three biological replications. Error 
bars represent the standard errors of the means.  
4.3 CONCLUSIONS 
To summarize, this study reports detailed molecular characteristics of maize 
sphingolipids and a comprehensive sphingolipidomics method using LC-MS/MS. We 
showed that maize has a similar sphingolipid profile as rice. The method for 
comprehensive analysis of sphingolipid species reported here is thus widely applicable to 
other important monocot plants and also to various experimental situations.  
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4.4 MATERIALS AND METHODS 
4.4.1 PLANT MATERIALS 
Maize (Zea mays L) B73 seeds were obtained from Dr. James Schnable 
(University of Nebraska-Lincoln, NE, USA). Root tissues were collected from plants that 
were grown in the greenhouse of Beadle center (University of Nebraska-Lincoln). Seeds 
were planted 2/3 deep in 2 in. of soil spread into planting flats on greenhouse table with 
natural plus supplemental lighting. The soil was well watered on day 1 and kept moist 
until harvest. The seedlings were supplied with full-concentration Hoagland’s nutrient 
solution. For full nutrient treatment, the nutrient solution consisted of (mM): 4 KNO3, 4 
Ca(NO3)2.4H2O, 1 KH2PO4 (pH=6), 2 MgSO4.7H2O, 0.04 Fe-EDTA, 0.046 H3BO4, 
0.009 MnCl2.4H2O, 0.00075 ZnSO4.7H2O, 0.00032 CuSO4, and 0.000111 
H2MoO4.4H2O. For nitrogen depletion treatment, the 4 mM KNO3 and 4 mM 
Ca(NO3)2.4H2O were individually replaced with 4 mM K2SO4 and 4 mM CaCl2.2H2O. 
For phosphorus depletion treatment, the 1 mM KH2PO4 was replaced with 0.5 mM 
K2SO4. the pH of the solutions was adjusted to 6.0-6.5 and the nutrient solution was 
renewed every 2 days. B73 was grown under full nutrient, N- and P-stress. Root tissues 
were harvested from treated seedlings at week 1, 2, and 3. This experiment was repeated 
three times for 3 biological replications. The 3 experiments were conducted in Beadle 
greenhouse from May 2017 to August 2017 when the daytime length remained relatively 
unchanged. Each experiment included at least three seedlings pooled together under all 
three treatment conditions. Seedlings were quickly removed from the soil and first cut 
with a razor blade just above the seed. The root tissues were then quickly washed and 
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immediately transferred to liquid nitrogen. The samples were transferred to -80 °C 
freezers for storage.  
4.4.2 EXTRACTION OF SPHINGOLIPIDS 
The separation of sphingolipids was done according to the published protocol 
published by J. E. Markham [10; 35]. Briefly, about 30 mg freeze-dried maize root tissue 
was homogenized in a glass homogenizer with 5 ml of extraction solvent 
(isopropanol/heptane/water 55:20:25). 10 ul internal standards mix (contains 200 nmol 
GM1 (ovine), 100 nmol C12-GlcCer, 10 nmol C12-Cer, 10 nmol C17:0 LCB, and 10 
nmol C17:0 sphingosine LCB-P) was added for quantification. After incubation at 60 °C 
and centrifugation twice, the supernatant was dried down and deesterified with 2 ml of 
33% methylamine in ethanol/water (7:3 v/v) at 50 C for one hour. The resulting samples 
were further dried down and ready for further analysis.  
4.4.3 SEPARATION OF NEUTRAL AND CHARGED FRACTIONS OF 
SPHINGOLIPIDS 
A modified ion-exchange chromatography was used to separate the neutral and 
charged fractions of maize sphingolipids [35; 37]. The dried sphingolipid extract was 
desalted with 1-butanol/water before ion-exchange chromatography since desalting with 
C18 SPE cartridges resulted in significantly lower lipid recovery for maize GIPC species. 
Throughout GIPC preparation, chloroform-based solvents were avoided. Solvent systems 
composed of 2-propanol/hexane/water or tetrahydrofuran (THF)/methanol/water were 
used. The residue of methylamine-treated total lipids was extracted with 2 ml 1-butanol 
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and 2 ml water. The upper organic phase was evaporated and dissolved in 
isopropanol/hexane/water (55:10:20, v/v/v). A 100-ul aliquot was collected for the LCB 
analysis of the total extraction. The samples were then applied to 2 mL of AG4X-X4 
acetate resin (Bio-Rad) supported in a 6-ml glass syringe with upper and lower Teflon frit 
and allowed to flow by gravity. The column was washed with the same solvent 
(isopropanol/hexane/water = 55:10:20) until the eluate ran clear. The column flow-
through (neutral fraction) was dried under nitrogen and redissolved in 2.9 ml of 
chloroform/acetic acid (99:1). The charged fraction was eluted from the column with 6 
ml of isopropanol/hexane/water (55:10:20, v/v/v) containing 1% triethylamine. The 
eluate (anionic lipids) was dried under nitrogen and redissolved in 290 ul of propan-2-
ol/hexane/water (3:1:1, v/v/v), and 10 ul was removed for LCB analysis. The neutral 
fraction was further applied to a SepPak Silica cartridge equilibrated with 
chloroform/acetic acid (99:1, v/v) and allowed to drain by gravity flow. The cartridge 
was washed with 15 ml of chloroform/acetic acid (99:1, v/v), which was discarded. 
Sphingolipids were sequentially eluted with 4 ml of acetone and 4 ml of methanol, dried 
under nitrogen, and redissolved in 290 ul of chloroform. 10 ul was removed for neutral 
fraction LCB analysis.  
4.4.4 ANALYSIS OF THE SPHINGOLIPID LCB COMPOSITION 
The LCB composition of sphingolipid fractions was analyzed as described by 
Markham et al. (2006). Briefly, dried sphingolipid fractions were subjected to strong 
alkaline hydrolysis in 10% barium hydroxide in dioxane. The resulting free LCBs were 
derivatized with o-phthaldialdehyde as previously described [89] and analyzed by 
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reverse-phase HPLC with detection by absorbance at 455 nm. Identification was via 
comigration with known standard (d20:1; Matreya, Inc.) and comparison with published 
LCB profiles [35]. 
4.4.5 HPLC/ESI-MS/MS 
The sphingolipid species were analyzed using a Shimadzu Prominence ultra-
performance liquid chromatography system and a 4000 QTRAP mass spectrometer (AB 
SCIEX). Chromatographic separation was on an XSelect CSH C18 column (3 mm x 100 
mm i.d., Waters) held at 40°C. A binary elution gradient consisting of THF/methanol/5 
mM ammonium formate (3:2:5, v/v/v) containing 0.1% formic acid as solvent A and 
THF/methanol/5 mM ammonium formate (7:2:1, v/v/v) containing 0.1% formic acid as 
solvent B was used according to Markham et al. [10]. The optimized gradient conditions 
were shown in Table 4.1. Positive ionization MRM mode was used. Parameters for MRM 
transition (collision energy and Q1/Q3 pre-bias voltage) were optimized for each target. 
Other MS conditions used were the same as those in the published report [10]. Separate 
LC-MS/MS runs were performed for each class or subclass, i.e., Cer, GlcCer, HexN-
GIPC, HexHexN-GIPC, HexNAc-GIPC, and HexHexNAc-GIPC. Data analysis and 
quantification were performed using the software Analyst 1.5 and MultiQuant 2.1 as 
described by Markham and Jaworski (2007), Kimberlin et al. (2013), and Davis et al. 
(2020). 
4.4.6 DETERMINATION OF QUANTITATIVE PARAMETERS 
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For absolute quantification, MS response factors for maize GICP species were 
determined according to Markham and Jaworski [10]. A fraction collector was used to 
collect the elution fractions from HPLC every minute from 24 min to 36 min. This was 
repeated 5 times to obtain enough samples. Each fraction was measured for GIPC purity. 
Fraction 30, 33, 37, 38 were chosen as the purified GIPC species. The purified GIPC 
species were divided into two aliquots: one was directly analyzed by LC-MS/MS as 
described above to obtain relative MS signal intensities (analyte/internal standard). Serial 
dilutions of this part were also used for the construction of standard curves (Figure 4.5). 
Another part of lipids was subjected to alkaline hydrolysis to determine moles of LCBs. 
MS response factors were calculated to convert the direct MS intensity into mole values 
for LCB species (Table 4.2: [relative MS signal intensity of analyte] x [mole of internal 
standard added] x [MS response factor] = [mole of analyte]). 
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Figure S4.1 Ceramide compositions of maize root tissues under full nutrient (FN), nitrogen 
depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of ceramides (Cer) are 
presented according to the composition of LCB (d18:0, d18:1, d18:2, t18:0, t18:1) and non-
hydroxylated (c) fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. 
Bars represent the average values of three biological replications. Error bars represent the 




Figure S4.2 Hydroxyceramide compositions of maize root tissues under full nutrient (FN), 
nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of hydroxyceramides 
(hCer) are presented according to the composition of LCB (d18:0, d18:1, d18:2, t18:0, t18:1) and 
hydroxylated (h) fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. 
Bars represent the average values of three biological replications. Error bars represent the 




Figure S4.3 Glucosylceramide compositions of maize root tissues under full nutrient (FN), 
nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of glucosylceramides 
(GlcCer) are presented according to the composition of LCB (d18:0, d18:1, d18:2, t18:0, t18:1) 
and hydroxylated (h) fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, 
and 3. Bars represent the average values of three biological replications. Error bars represent the 




Figure S4.4 The compositions of HexN-GIPC with hydroxylated FA from maize root tissues 
under full nutrient (FN), nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of HexN-GIPC are 
presented according to the composition of LCB (d18:0, d18:1, t18:0, t18:1) and hydroxylated (h) 
fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. Bars represent 





Figure S4.5 The compositions of HexN-GIPC with non-hydroxylated FA from maize root tissues 
under full nutrient (FN), nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of HexN-GIPC are 
presented according to the composition of LCB (d18:0, d18:1, t18:0, t18:1) and non-hydroxylated 
(c) fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. Bars represent 





Figure S4.6 The compositions of HexHexN-GIPC with hydroxylated FA from maize root tissues 
under full nutrient (FN), nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of HexHexN-GIPC are 
presented according to the composition of LCB (d18:0, d18:1, t18:0, t18:1) and hydroxylated (h) 
fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. Bars represent 





Figure S4.7 The compositions of HexHexN-GIPC with non-hydroxylated FA from maize root 
tissues under full nutrient (FN), nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of HexHexN-GIPC are 
presented according to the composition of LCB (d18:0, d18:1, t18:0, t18:1) and non-hydroxylated 
(c) fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. Bars represent 





Figure S4.8 The compositions of HexNAc-GIPC with hydroxylated FA from maize root tissues 
under full nutrient (FN), nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of HexNAc-GIPC are 
presented according to the composition of LCB (d18:0, d18:1, t18:0, t18:1) and hydroxylated (h) 
fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. Bars represent 





Figure S4.9 The compositions of HexNAc-GIPC with non-hydroxylated FA from maize root 
tissues under full nutrient (FN), nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of HexNAc-GIPC are 
presented according to the composition of LCB (d18:0, d18:1, t18:0, t18:1) and non-hydroxylated 
(c) fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. Bars represent 





Figure S4.10 The compositions of HexHexNAc-GIPC with hydroxylated FA from maize root 
tissues under full nutrient (FN), nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of HexHexNAc-GIPC 
are presented according to the composition of LCB (d18:0, d18:1, t18:0, t18:1) and hydroxylated 
(h) fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. Bars 
represent the average values of three biological replications. Error bars represent the standard 




Figure S4.11 The compositions of HexHexNAc-GIPC with non-hydroxylated FA from maize root 
tissues under full nutrient (FN), nitrogen depletion (-N), phosphate depletion (-P). 
The data was obtained by LC-ESI MS/MS analyses. The concentrations of HexHexNAc-GIPC 
are presented according to the composition of LCB (d18:0, d18:1, t18:0, t18:1) and non-
hydroxylated (c) fatty acids. W1, W2, W3 refers to the root tissues harvested at week 1, 2, and 3. 
Bars represent the average values of three biological replications. Error bars represent the 
standard errors of the means. 
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Hex-HexNAc-t18:0h16:0 1355.7 554.5 45 
Hex-HexNAc-t18:0h18:0 1383.7 582.5 45 
Hex-HexNAc-t18:0h20:0 1411.8 610.6 45 
Hex-HexNAc-t18:0h20:1/t18:1h20:0 1409.8 608.6 46 
Hex-HexNAc-t18:0h22:0 1439.8 638.6 47.5 
Hex-HexNAc-
t18:0h22:1/t18:1h22:0/t18:0c23:0/d18:0h23:0 1437.8 636.6 46 
Hex-HexNAc-t18:0h24:0 1467.8 666.6 47.5 
Hex-HexNAc-
t18:0h24:1/t18:1h24:0/t18:0c25:0/d18:0h25:0 1465.8 664.6 47 
Hex-HexNAc-t18:0h26:0 1495.9 694.7 48 
Hex-HexNAc-t18:0h26:1/t18:1h26:0 1493.9 692.7 48 
Hex-HexNAc-t18:1h16:0 1353.7 552.5 41 
Hex-HexNAc-t18:1h18:0 1381.7 580.5 43 
Hex-HexNAc-t18:1h20:1 1407.8 606.6 45 
Hex-HexNAc-t18:1h24:1 
/t18:0c25:1/t18:1c25:0/d18:0h25:1/d18:1h25:0 1463.8 662.6 48 
Hex-HexNAc-t18:1h26:1 1491.9 690.7 50 
Hex-HexN-t18:0h16:0 1313.7 554.5 57 
Hex-HexN-t18:0h18:0 1341.7 582.5 57 
Hex-HexN-t18:0h20:0 1369.8 610.6 57 
Hex-HexN-t18:0h20:1/t18:1h20:0 1367.8 608.6 58 
Hex-HexN-t18:0h22:0 1397.8 638.6 59.5 
Hex-HexN-
t18:0h22:1/t18:1h22:0/t18:0c23:0/d18:0h23:0 1395.8 636.6 58 
Hex-HexN-t18:0h24:0 1425.8 666.6 59.5 
Hex-HexN-
t18:0h24:1/t18:1h24:0/t18:0c25:0/d18:0h25:0 1423.8 664.6 59 
Hex-HexN-t18:0h26:0 1453.9 694.7 60 
Hex-HexN-t18:0h26:1/t18:1h26:0 1451.9 692.7 60 
Hex-HexN-t18:1h16:0 1311.7 552.5 53 
Hex-HexN-t18:1h18:0 1339.7 580.5 55 
Hex-HexN-t18:1h20:1 1365.8 606.6 57 
Hex-HexN-t18:1h24:1 
/t18:0c25:1/t18:1c25:0/d18:0h25:1/d18:1h25:0 1421.8 662.6 60 
Hex-HexN-t18:1h26:1 1449.9 690.7 62 
HexNAc-t18:0h16:0 1193.7 554.5 45 
HexNAc-t18:0h18:0 1221.6 582.5 45 
HexNAc-t18:0h20:0 1249.7 610.6 45 
HexNAc-t18:0h20:1/t18:1h20:0 1247.7 608.6 46 
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HexNAc-t18:0h22:0 1277.7 638.6 47.5 
HexNAc-t18:0h22:1/t18:1h22:0/t18:0c23:0/d18:0h23:0 1275.7 636.6 46 
HexNAc-t18:0h24:0 1305.7 666.6 47.5 
HexNAc-t18:0h24:1/t18:1h24:0/t18:0c25:0/d18:0h25:0 1303.7 664.6 47 
HexNAc-t18:0h26:0 1333.8 694.7 48 
HexNAc-t18:0h26:1/t18:1h26:0 1331.8 692.7 48 
HexNAc-t18:1h16:0 1191.6 552.5 41 
HexNAc-t18:1h18:0 1219.6 580.5 43 
HexNAc-t18:1h20:1 1245.7 606.6 45 
HexNAc-t18:1h24:1 
/t18:0c25:1/t18:1c25:0/d18:0h25:1/d18:1h25:0 1301.7 662.6 48 
HexNAc-t18:1h26:1 1329.8 690.7 50 
HexN-t18:0h16:0 1151.6 554.5 57 
HexN-t18:0h18:0 1179.6 582.5 57 
HexN-t18:0h20:0 1207.7 610.6 57 
HexN-t18:0h20:1/t18:1h20:0 1205.7 608.6 58 
HexN-t18:0h22:0 1235.7 638.6 59.5 
HexN-t18:0h22:1/t18:1h22:0/t18:0c23:0/d18:0h23:0 1233.7 636.6 58 
HexN-t18:0h24:0 1263.7 666.6 59.5 
HexN-t18:0h24:1/t18:1h24:0/t18:0c25:0/d18:0h25:0 1261.7 664.6 59 
HexN-t18:0h26:0 1291.8 694.7 60 
HexN-t18:0h26:1/t18:1h26:0 1289.8 692.7 60 
HexN-t18:1h16:0 1149.6 552.5 53 
HexN-t18:1h18:0 1177.6 580.5 55 
HexN-t18:1h20:1 1203.7 606.6 57 
HexN-t18:1h24:1 
/t18:0c25:1/t18:1c25:0/d18:0h25:1/d18:1h25:0 1259.7 662.6 60 
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